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(57) ABSTRACT 

A configurable logic element (CLE) for a field program 
mable gate array (FPGA) includes "expanders’, i.e., con 
nectors that allow fast Signal communication between logic 
blocks. ExpanderS allow the configurable interconnection of 
a plurality of logic blocks, or portions thereof, to form a 
Single logical entity that can implement large user circuits 
Such as PALS, lookup tables, multiplexers, tristate buffers, 
and memories. One embodiment includes a configurable 
logic block. In a first mode, the logic block provides two 
N-input LUTs having N shared inputs and two separate 
outputs. The outputs are then combined using an expander to 
generate an (N+1)-input function. In a second mode, the 
logic block provides two N-input LUTs having Munshared 
inputs. An optional third mode provides a plurality of 
product term output signals based on the values of the N 
input Signals. 
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CONFIGURABLE LOGIC ELEMENT WITH 
EXPANDER STRUCTURES 

FIELD OF THE INVENTION 

0001. The invention relates to Field Programmable Gate 
Arrays (FPGAs). More particularly, the invention relates to 
Structures and methods for implementing user circuits by 
combining multiple logic blocks in an FPGA. 

BACKGROUND OF THE INVENTION 

0002 Programmable logic devices (PLDs) are a well 
known type of digital integrated circuit that may be pro 
grammed by a user to perform Specified logic functions. One 
type of PLD, the field programmable gate array (FPGA), 
typically includes an array of configurable logic elements 
(CLES) Surrounded by a ring of programmable input/output 
blocks (IOBs). The CLEs and IOBs are interconnected by a 
programmable interconnect structure. (The programmable 
interconnect structure between CLES and IOBS is also 
referred to as general interconnect). The CLEs, IOBs, and 
interconnect Structure are typically programmed by loading 
a stream of configuration data (bitstream) into internal 
configuration memory cells that define how the CLES, 
IOBS, and interconnect Structure are configured. The con 
figuration data may be read from memory (e.g., an external 
PROM) or written into the FPGAby an external device. The 
collective states of the individual memory cells then deter 
mine the function of the FPGA. 

0003. One significant task when implementing a user 
circuit in an FPGA is the assignment of user logic into the 
various CLES and IOBs. This process includes “mapping”, 
where the user circuit is divided into pieces that will fit into 
a single CLE, IOB, or a portion thereof, and "placement', 
where each mapped piece of logic is assigned to a particular 
CLE or IOB (or portion thereof) in a particular location on 
the FPGA. The final step in implementing the circuit is 
called “routing”, where the mapped and placed logic is 
connected together using the programmable interconnect 
Structure. The mapping, placement, and routing processes 
are typically performed by computer Software, which reads 
in a description of the user circuit (for example, in the form 
of a netlist) and provides the bitstream that is used to 
program the device, as described above. 
0004. In practice, each CLE is typically formed from 
Several Smaller logic blocks, Such as 4-input lookup tables 
(LUTs). Because each block has a fixed size, and the size of 
the block is usually fairly small to facilitate the efficient 
implementation of Small logic functions, the implementation 
of larger user circuits requires the use of Several logic 
blockS. Sometimes these logic blocks can be accommodated 
within a Single CLE, in which case the general interconnect 
need not be used to connect the blocks. In other cases, the 
required number of logic blockS is too large for a single 
CLE. The necessary logic blockS must then be connected 
using the general interconnect, which is typically slower 
than connections within a single CLE. Thus, user circuits up 
to a certain size (i.e., the size that will fit in a single CLE) 
are typically faster than user circuits of a larger size. Further, 
user circuits that fit into a single logic block (e.g., a single 
4-input LUT) result in the fastest implementations. 
0005 Therefore, it is desirable to provide structures and 
methods for combining two or more logic blocks in Such a 
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way as to permit user circuits too large for a Single logic 
block to function at more nearly the same operating Speed as 
user circuits within a single logic block. 

SUMMARY OF THE INVENTION 

0006 The invention provides a configurable logic ele 
ment (CLE) for a field programmable gate array (FPGA) 
that includes "expanders” (i.e., configurable connector cir 
cuits having two or more functions) that allow for fast signal 
communication between logic blockS. ExpanderS allow the 
configurable interconnection of a plurality of logic blocks, 
for example, a plurality of Versatile Implementation Mod 
ules (VIMS), to form a single logical entity including two or 
more VIMs (i.e., a “VIM complex”) that can implement 
large user circuits Such as PALS, lookup tables, multiplexers, 
triState buffers, and memories. 
0007. A user circuit requiring two or more logic blocks 
that is implemented using expanderS is significantly faster 
than other implementations enabled by prior art structures. 
0008. In one embodiment, a CLE according to the inven 
tion includes four "slices'. Each slice includes two logic 
blocks-for example, the hybrid LUT/PAL logic elements 
first described by Wittig et al. in U.S. Pat. No. 6,150,838, 
entitled “FPGA Configurable Logic Block With Multi-Pur 
pose Logic/Memory Circuit', which is incorporated herein 
by reference. The combination of Wittig's hybrid LUT/PAL 
structure with the novel expanders described herein allows 
for the construction of both large PALS (spanning multiple 
VIMs) and large user circuits requiring the combination of 
many look-up tables (LUTs) with minimal performance 
degradation. In this embodiment, VIMs can be combined 
within a Single Slice, between two or more slices, or even 
acroSS CLE boundaries, and either vertically, horizontally, or 
both. Further, while adjacent Slices or logic blocks are most 
commonly combined, non-adjacent elements can also be 
combined by configuring the expanders to bypass interven 
ing elements. 
0009. In another embodiment of the invention, more 
limited logic blocks are used, Such as those comprising only 
LUT functions or only product term generator functions. 
0010. One embodiment includes a configurable logic 
block having at least two configurable modes. In a first 
mode, the logic block provides two N-input LUTs having N 
shared inputs and two separate outputs. The outputs are then 
combined using an expander to generate an (N+1)-input 
function. In a Second mode, the logic block provides two 
N-input LUTs having M unshared inputs, where M is less 
than N. In one embodiment, the logic block includes a third 
mode, in which it provides a plurality of product term output 
Signals based on the values of the N input signals. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0011. The present invention is illustrated by way of 
example, and not by way of limitation, in the following 
figures, in which like reference numerals refer to Similar 
elements. 

0012 FIG. 1 is a high-level diagram for a CLE according 
to one embodiment of the present invention. The CLE 
includes four "slices”. 

0013 FIG. 2 is a more detailed view of a single slice 
from the CLE of FIG. 1. 
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0.014 FIG. 3 is a simplified diagram of a combination 
LUT/PAL structure (a “VIM) that can be used with the slice 
of FIG. 2. 

0015 FIG. 4A shows one embodiment of a horizontal 
expander that can be used with the slice of FIG. 2. 
0016 FIG. 4B shows one embodiment of a vertical 
expander that can be used with the slice of FIG. 2. 
0017 FIG. 4C shows one embodiment of an AB 
expander that can be used with the slice of FIG. 2. 
0018 FIG. 4D shows one embodiment of a Sum-Of 
Products expander that can be used with the slice of FIG. 2. 
0.019 FIG. 5 shows an expansion control block that can 
be used with the Slice of FIG. 2. 

0020 FIG. 6A is a flow diagram showing a method for 
implementing a user circuit in a PLD using (for example) the 
LUT of FIG 3. 

0021 FIG. 6B is a flow diagram showing a method for 
implementing a user circuit in a PLD using expanders. 
0022 FIGS. 7-10 show how to implement exemplary 
PALS of various sizes using the CLE of FIG. 1 and the slice 
of FIG. 2. 

0023 FIG. 7 shows how the two VIMs of one slice can 
generate four output signals, each comprising one Pterm 
(i.e., product term) of 16 inputs. 
0024 FIG. 8 shows how horizontally adjacent VIMs 

(i.e., VIMs in two different slices) can be combined using 
expanders to generate four output Signals, each comprising 
one Pterm of 32 inputs. 
0025 FIG. 9 shows how two or more slices can be 
combined using expanders to generate one OR'ed output 
Signal comprising four Pterms of m 16 inputs (i.e., m times 
16 inputs), where m is the number of Slices. 
0026 FIG. 10 shows how multiple VIMs can be com 
bined using expanders to implement PALS with more than 8 
Pterms of more than 16 inputs. 
0027 FIGS. 11-16 show how to implement exemplary 
lookup tables (LUTS) of various sizes using the CLE of 
FIG. 1 and the Slice of FIG. 2. 

0028 FIG. 11 shows how a single VIM can implement 
two 5-input LUTS. 
0029 FIG. 12 shows how a single VIM can implement 
one 6-input LUT using an AB expander. 

0030 FIG. 13 shows how the two VIMs of one slice can 
be combined using expanders to implement one 7-input 
LUT 

0031 FIG. 14 shows how the VIMs of two adjacent 
Slices (e.g., one block) can be combined using expanders to 
implement one 8-input LUT. 

0032 FIG. 15 shows how the VIMs of four slices (e.g., 
one CLE) can be combined using expanders to implement 
one 9-input LUT. 

0033 FIG. 16 shows how the VIMs of multiple CLES 
can be combined using expanders to implement LUTs with 
more than 9 inputs. 
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0034 FIGS. 17-21 show how to implement exemplary 
multiplexers of various sizes using the CLE of FIG. 1 and 
the Slice of FIG. 2. 

0035 FIG. 17 shows how a 4-to-1 multiplexer (“MUX”) 
is implemented using one VIM and an AB expander. 

0036 FIG. 18 shows how the two VIMs of one slice can 
be combined using expanders to implement an 8-to-1 MUX. 

0037 FIG. 19 shows how two slices (e.g., one block) can 
be combined using expanders to implement a 16-to-1 MUX. 

0.038 FIG.20 shows how four slices (e.g., one CLE) can 
be combined using expanders to implement a 32-to-1 MUX. 
0039 FIG. 21 shows how the VIMs of multiple CLES 
can be combined using expanders to implement MUXes that 
are larger than 32-to-1. 
0040 FIGS. 22-27 show how to implement various 
exemplary tristate buffers using the CLE of FIG. 1 and the 
Slice of FIG. 2. 

0041 FIG. 22 shows a general tristate buffer (“TBuf) 
structure used in prior art FPGAs. 
0042 FIG. 23 shows a logical equivalent of the TBuf 
structure shown in FIG. 22, constructed using MUXes. 
0043 FIG. 24 shows a logical equivalent of the TBuf 
structure shown in FIG.22, constructed using AND and OR 
gateS. 

0044 FIG. 25 shows how multiple VIMs can be com 
bined using horizontal expanders to implement the TBuf 
Structure of FIG. 23. 

004.5 FIG. 26 shows how multiple VIMs can be com 
bined using horizontal expanders to implement the TBuf 
Structure of FIG. 24. 

0046 FIG. 26A shows how the TBuf structure of FIG. 
24 has been modified to a logically equivalent Structure to 
obtain the implementation used in the VIM complex of FIG. 
26. 

0047 FIG. 27 shows another way in which multiple 
VIMS can be combined using horizontal expanders to imple 
ment the TBuf structure of FIG. 24. 

0048 FIG. 27A shows how the TBuf structure of FIG. 
24 has been modified to a logically equivalent Structure to 
obtain the implementation used in the VIM complex of FIG. 
27. 

0049 FIGS. 28-35 show how to implement exemplary 
random access memories (RAMS) of various sizes using the 
CLE of FIG. 1 and the Slice of FIG. 2. 

0050 FIG. 28 shows how a single VIM can be used to 
implement a 32x2 single-port RAM. 

0051 FIG. 29 shows how a single VIM can be used to 
implement a 64x1 single-port RAM. 

0.052 FIG. 30 shows how the two VIMs of one slice can 
be combined using expanders to implement one 128x1 
single-port RAM. 

0053 FIG.31 shows how two slices (e.g., one block) can 
be combined using expanders to implement one 256x1 
single-port RAM. 
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0054 FIG.32 shows how four slices (e.g., one CLE) can 
be combined using expanders to implement one 512x1 
single-port RAM. 

0055 FIG. 33 shows how the VIMs of multiple CLES 
can be combined using expanders to implement Single-port 
RAMs that are larger than 512x1. 

0056 FIG. 34 shows how the two VIMs of one slice can 
be combined using expanders to implement one 32x2 dual 
port RAM. 

0057 FIG. 35 shows how the two VIMs of one slice can 
be combined using expanders to implement one 64x1 dual 
port RAM. 

DETAILED DESCRIPTION OF THE DRAWINGS 

0.058. In the following description, numerous specific 
details of a preferred embodiment are set forth to provide a 
more thorough understanding of the present invention. How 
ever, it will be apparent to one skilled in the art that the 
present invention may be practiced without these specific 
details. 

0059 Configurable Logic Element (CLE) 
0060 FIG. 1 is a high-level diagram for a Configurable 
Logic Element (CLE) 100 according to one embodiment of 
the present invention. CLE 100 comprises four “slices”, 
which in this embodiment are essentially identical. The 
Slices are denoted slice 0, Slice 1, Slice 2, and Slice 3. Two 
slices together form what is called a “block'. Slices 0 and 1 
together form block O. Slices 2 and 3 together form block 1. 
0061 Each slice includes two Versatile Implementation 
Modules (VIMs), logic blocks that can function as either 
LUTs or product term generators. Therefore, each CLE 
includes eight VIMs. In one embodiment, the VIMs function 
as described below in conjunction with FIG. 3. In other 
embodiments (not pictured) logic blocks other than VIMs 
are used. For example, where PAL (Programmable Array 
Logic) functionality is not desired, Standard lookup tables 
(LUTs) can be substituted for the VIMs in FIG.1. Similarly, 
where LUT functionality is not desired, standard product 
term generator logic blocks can be substituted for the VIMs 
in FIG. 1. 

0062) The CLE also includes several “expanders” that 
allow the VIMs to be used together to form functions with 
more inputs than are available using a single VIM. In FIG. 
1, elements acting as expanders in CLE 100 are designated 
with the letter “E”. Using these expanders, each VIM can be 
grouped with any adjacent VIM, either vertically or hori 
Zontally. In Some embodiments, non-adjacent VIMS can also 
be grouped, by Setting the expanders associated with 
bypassed VIMs to “Feed through” modes. In the pictured 
embodiment, expanders can be used to interconnect VIMS 
within a Single Slice, between Slices in the Same CLE, or 
between two or more CLES. Thus, the size of a VIM 
complex (i.e., a group of VIMS associated using expanders 
to implement a user circuit) is not limited to the number of 
VIMs in a single CLE. 
0.063 Each slice also includes four memory elements 
(designated FF), and a RAM control block (designated RC) 
that controls the memory arrays within the two VIMs of the 
slice. In this embodiment, the memory elements and RAM 
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control block are similar to known CLE elements and are not 
part of the expander network. 

0064 CLE 100 also includes an expansion control block 
110 that controls the expanders in each Slice using an 
asSociated slice Select Signal and a CLE Select Signal. The 
SliceSel0 Signal Selects slice 0, sliceSel1 Selects Slice 1, and 
So forth. (In the present specification, the same reference 
characters are used to refer to terminals, Signal lines, and 
their corresponding signals.) The Slice Select signals control 
the horizontal expander chain. Expansion control block 110 
also provides a CLE-wide expander control Signal, cleSel. 
Signal cleSel controls the Vertical expander chain, and also 
enables or disables the slice select signals, as shown in FIG. 
4A. The functions of expansion control block 110 and the 
Slice and CLE Select Signals are explained in detail in 
conjunction with FIG. 5. In addition, the slice and CLE 
control Signals can be used to provide additional data inputs 
when implementing large user circuits, as shown in later 
exemplary figures. 

0065 FIG.2 shows a more detailed view of a single slice 
according to one embodiment. The pictured slice 200 
includes two VIMs, VIM F and VIM G. The RAM func 
tionality of each VIM is controlled by the RAM control 
block RC. The RAM control block and RAM control signals 
can be, for example, Similar to those included in the CLE of 
the Virtex(TM)-II family of FPGAs available from Xilinx, 
Inc. The Virtex-II CLE is described on pages 46-54 of the 
“Virtex(TM)-II Platform FPGA Handbook”, published Janu 
ary 2001 and available from Xilinx, Inc., 2100 Logic Drive, 
San Jose, Calif., which pages are hereby incorporated by 
reference. 

0.066 Each VIM provides two 5-input LUTs with output 
signals L5A, L5B, or four 8-input product terms (Pterms) 
with output signals p0-p3. (The VIM is described in more 
detail in conjunction with FIG. 3, below.) The four Pterm 
output signals of each VIM drive PAL logic block PL, which 
combines the Pterm output signals to generate Sum-of 
product functions (using OR-gates OF and OG) and larger 
Pterms (using AND-gates AO-A3). OR-gate OF generates 
the OR-function of the four 8-input Pterms provided by VIM 
F. OR-gate OG generates the OR-function of the four 
8-input Pterms provided by VIM G. AND-gates A0-A3 each 
provide a single Pterm of up to 16 inputs by combining 
8-input Pterms from each of the two VIMs. 

0067. In one embodiment (not shown), AND-gates 
A0-A3 are also configurable as OR-gates. In this embodi 
ment, a single Slice can generate four Sum-of-product func 
tions, each having two 8-input Pterms. 

0068 Returning to FIG. 2, elements of the slice similar 
to those of known FPGA architectures include:carry multi 
plexers (cyMuxF, cyMuxG) implementing a vertical carry 
chain between carry input Signal cyn and carry output 
signal cyout; output multiplexers (oMuxFA, oMuxFB, 
oMuxGA, oMuxGB) generating unregistered data output 
signals (dFA, dFB, dGA, dGB); and flip-flops (FA, FB, GA, 
GB) accepting the unregistered data signals and generating 
corresponding registered data output signals (qFA, qFB, 
qGA, qGB). In the described embodiment, other logic in the 
CLE (not shown) generates other optional output signals that 
are also Supplied to the output multiplexers, e.g., arithmetic 
Sum Signals Sumi, Sumi--1, Sumi--2, Sumi--3. 
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0069 Versatile Implementation Module (VIM) 
0070 FIG. 3 is a functional diagram of a Versatile 
Implementation Module (VIM) 300. A VIM is a combina 
tion LUT/PAL structure that can be included in the slice of 
FIG. 2. The logical functions diagrammed in FIG. 3 can be 
implemented in many different ways. Further, logic blockS 
other than VIMs can be used with the expanders of the 
present invention. The VIM shown in FIG. 3 is provided for 
exemplary purposes only. Some portions of exemplary VIM 
300 not described in detail herein are similar to those shown 
and described by Wittig et al. in U.S. Pat. No. 6,150,838. 
0071. The VIM of FIG.3 operates either as two 5-input 
lookup tables (in 5-LUT mode and 6-LUT mode) or as an 
8-input product term generator (in PAL mode). VIM 300 
includes a memory cell array 301 with sixteen rows and four 
columns. In either of the LUT modes, read decoder 302 
decodes two of the data inputs (g3, g4) to Select the output 
of one of the four memory cells of each row. Three addi 
tional data inputs (g0, g1, g2) control 8:1 multiplexer 311 to 
Select one of the bottom eight rows of memory cells to 
provide 5-LUT output L5A. Thus, 5-LUT output L5A imple 
ments a lookup table of the five data inputs g0-g4. Similarly, 
in 5-LUT mode three data inputs (g5, g6, g7) control 8:1 
multiplexer 312 to select one of the top eight rows of 
memory cells to provide 5-LUT output L5B. Thus, when the 
VIM is in 5-LUT mode, 5-LUT output L5B implements a 
lookup table of the five data inputs g3-g7. 
0072) Whether the VIM is in 5-LUT mode or 6-LUT 
mode is controlled by multiplexer 313, which in turn is 
controlled by a value in configuration memory cell 314. 
Multiplexer 313 selects either data inputs g5, g6, g7 (in 
5-LUT mode) or data inputs g0, g1, g2 (in 6-LUT mode) to 
control multiplexer 312. 
0073. When the VIM is in 6-LUT mode, the signals on 
the two L5 output terminals are controlled by the same 
multiplexer Select Signals. Therefore, data inputs g0, g1, g2 
control both multiplexers 311 and 312 in 6-LUT mode, and 
each multiplexer provides a different function of data inputs 
g0-g4. These two 5-input function outputs are then com 
bined using the AB expander (ABMux) shown in FIG. 2, 
configured as a multiplexer controlled by the g5 data input. 
Therefore, the AB expander provides the 6-input LUT 
function of data inputs g0-g5. 
0.074. In PAL mode, pairs of the memory cells operate 
together as content addressable memory (CAM) cells. Each 
of eight data inputs (g0-g7) is provided to one pair of 
memory cells in each column. AND gate 320, coupled to the 
fourth column of memory cells, can provide any desired 
product term (Pterm) of any or all of the eight signals g0-g7 
to output terminal p0. Similarly, AND gates 321-323 can 
provide any desired Pterm of Signals g0-g7 to output termi 
nals p1-p3, based on the contents of the third, Second, and 
first columns of memory cells, respectively. Consequently, 
when in PAL mode, VIM 300 can implement four 8-input 
Pterms. The output signals from AND gates 320-323 (p0-p3) 
are then provided to 4-input OR gates OF and OG in FIG. 
2 to implement Sum-of-products functions. Alternatively, 
signals p0-p3 are provided to 2-input AND gates AO-A3, 
which are then combined using expanders to implement 
larger product terms and Sum-of-product functions, as 
described in conjunction with FIGS. 5-8. 
0075). It is therefore seen that VIM 300 of FIG. 3 can be 
used to implement either two 5-input LUTs or one 6-input 
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LUT (with the AB expander) when in LUT mode, or an 
8-input Pterm generator providing four Pterms in a PAL 
mode. The VIM structure is efficient in that it uses common 
memory circuitry to implement either the LUT or the Pterm 
function. The structure is also relatively fast in either mode 
when implementing user circuits of no more than six inputs 
for a LUT or eight inputs for a Pterm. To implement user 
circuits with more than six or eight inputs, the VIMs can be 
cascaded or otherwise combined using programmable inter 
connect in traditional fashion. However, the present Speci 
fication Supplies a more desirable Structure and method for 
implementing these larger circuits. 
0.076 Expanders 
0077. The various VIM output signals, PAL logic output 
Signals, and Signals from other Slices are configurably com 
bined using expanders (see FIG. 2). The horizontal expand 
ers (hXpFA, hXpFB, hXpGA, hXpGB) form four horizontal 
expander chains. For example, horizontal expander hXpFA 
forms a data path from datapath FAIn to datapath FAOut. The 
vertical expanders (vXpF, vXpG) form a vertical expander 
chain from vXpChainIn to vXpChainOut. The vertical 
expanders can be used to combine Signals from the hori 
Zontal expander chains, by passing the output Signals from 
the horizontal expanders through the AB expanders to the 
Vertical expander input terminals. The "Sum-of-products” or 
SOP expanders (sopxp) form a horizontal chain from 
SopChainIn to sopChainOut, driven by signals from the 
vertical expander chain. The AB expanders (ABMuxF, 
ABMuxG) can be used to combine two signals from the 
asSociated VIM, PAL logic, or horizontal expander chain, or 
to access the Vertical expander chain. 
0078 Most expanders are the same for each of the two 
VIMs in the slice. For example, the horizontal expanders for 
VIM F (hXpFA, hXpFB) are the same as the horizontal 
expanders for VIM G (hXpGA, hXpGB). In fact, all four 
horizontal expanderS function in the same way. When func 
tioning as a 2:1 multiplexer, all are controlled by the Slice 
Select signal (sliceSel) associated with the Slice. Similarly, 
the AB expander for VIMF (ABMuxF) is the same as the 
AB expander for VIM G (ABMuxG). When functioning as 
a 2:1 multiplexer, each AB expander (ABMuxF, ABMuxG) 
is controlled by a data input signal (fS, g5) from the 
corresponding VIM (F, G). 
007.9 The two vertical expanders for the two VIMs are 
also similar. However, the Vertical expanders are differently 
controlled. When functioning as 2:1 multiplexers, the ver 
tical expander for VIMF (vXpF) is controlled by CLE select 
signal cleSel, while the vertical expander for VIMG (vXpG) 
is controlled by the AND function (provided by AND gate 
202) of cleSel and VIM G data input signal g6. This 
difference is provided to allow the two VIMS in the slice to 
function as a single efficient unit, while also enabling the 
passage of data along the Vertical expander chain from VIM 
G to VIM F in another slice, in another CLE positioned 
above SLICE 200. 

0080. There is only one SOP expander per slice (sopXp), 
which is used to combine Signals formed using the Vertical 
expander chain. In one embodiment (not pictured), the SOP 
expander is not included. In other embodiments (not pic 
tured), only the horizontal expanders or only the vertical 
expanders are included. 
0081. Each expander has at least two configurable func 
tions ("expander modes’). In one embodiment, the expander 
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mode is Selected by values Stored in configuration memory 
cells similar to those used to control other functions in the 
CLES, IOBS, and programmable interconnect Structure of 
the FPGA. The expander modes available to the expanders 
of the pictured embodiment are shown in Table 1. FIGS. 
4A-4D provide exemplary embodiments of the four 
expander types shown in Table 1. The different expander 
modes for each type of expander are now explained in 
conjunction with Table 1 and FIGS. 4A-4D. Note that the 
terminology “cleSelg6” means the cleSel signal ANDed 
with the g6 Signal. 

TABLE 1. 

Expander 
Type Names Modes Date Inputs Select Input 

Horizontal hXpFA, 2:1 MUX L5, datapath In sliceSel 
hXpFB, 2-input AND PAL AND, Ole 
hXpGA, datapath In 
hXpGB Get-On L5 or PAL AND memory cell 

Feedthrough datapath In Ole 
Vertical vXpF, 2:1 MUX ABMux output, vXpF: cleSel, 

vXpG vXp chain in VxpG: 
cleSel g6 

2-input OR ABMux output, none 
vXp chain in 

Get-On ABMUx output none 
Feedthrough vXp chain in Ole 

AB ABMuxF, 2:1 MUX hXpA output, ABMuxF: f5, 
ABMuxG hXpB output ABMuxG: g5 

2-input OR hXpA output, Ole 
hXpB output 

SOP sopXp 2-input OR vXpChainOut, Ole 
sopChainIn 

Get-On vXpChainOut Ole 
Feedthrough sopChainIn Ole 

0082 FIG. 4A shows one embodiment of a horizontal 
expander (h-expander) hxp. In the pictured embodiment, 
two configuration memory cells 451, 452 control multi 
plexer 453 to provide the h-expander output signal datap 
athout (e.g., datapathFAOut) from any of four MUX input 
Signals representing the four expander modes. The various 
expanders can be implemented in many different ways, as 
will be apparent to one of ordinary skill in the art of circuit 
design. Preferably, for the h-expander the path from the 
datapathIn terminal to the datapathout terminal is made as 
fast as possible within the constraints of the available area, 
because any additional delay on this path can occur many 
times along the horizontal expander chain. Next in the level 
of importance is the path from the PAL AND terminal to the 
datapathout terminal. The Speeds of other paths through the 
h-expander are preferably compromised to improve the 
Speed of these two more critical paths. 
0083) When MUX select signals S1, S0 (from memory 
cells 451, 452, respectively) are both low (i.e., 0.0) the 
h-expander is in 2:1 MUX mode. MUX 453 provides the 
output of MUX 454. MUX 454 provides the multiplexed 
value of Signals datapathin (e.g., datapath FAIn) and signal 
L5 (e.g., L5A from VIM F). MUX 454 is controlled by 
Signal SliceSel. When sliceSel is low, Signal datapathin is 
provided. When slicesel is high, signal L5 is provided. 2:1 
MUX mode is used, for example, in implementing large 
LUTs, multiplexers, RAMs, and some types of tristate 
buffers (TBufs). 
0084. When signals S1,SO are 0.1, the h-expander is in 
2-input AND mode. MUX 453 provides the AND function 
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(provided by AND gate 455) of signals datapathin and the 
PAL AND signal from the PAL logic PL (AO-A3). 2-Input 
AND mode is used, for example, in implementing large PAL 
structures and some types of TBufs. 
0085. When signals S1,SO are 1,0, the h-expander is in 
Get-On mode, and MUX 453 provides either signal L5 or 
the PAL AND signal. The selection is made by MUX 456, 
which is controlled by signal S2 from memory cell 457. 
Get-On mode is used to "get onto” (i.e., to initiate) the 
horizontal expander chain. 
0086. When signals S1,SO are 1,1, the h-expander is in 
Feed through mode, and MUX 453 provides signal datap 
athln to the datapathout terminal. In effect, the Slice is 
bypassed by the h-expander chain. In Some embodiments, 
Feedthrough mode can be used to combine non-adjacent 
Slices into a VIM complex, by bypassing intervening Slices. 
0087. In one embodiment, MUX 456 is omitted, and in 
Get-On mode MUX 453 always provides signal L5. In this 
alternative embodiment, Get-On mode cannot be used to 
place the PAL AND signal onto the datapath chain. To 
initiate a Pterm expander chain in this embodiment, the PAL 
AND signal is ANDed with a “1” using the 2-input AND 
mode. The “1” is provided either by placing a high value on 
the horizontal expander chain in a previous slice (i.e., a slice 
to the left of the present Slice), or by attaching a pullup to the 
datapathin terminal. Such a pullup can be either a program 
mable pullup (e.g., controlled by a configuration memory 
cell) or a weak pullup that is easily overcome by a low value 
placed on the horizontal expander chain. 
0088 FIG. 4B shows one embodiment of a vertical 
expander (V-expander) VXp. In the pictured embodiment, 
two configuration memory cells 461, 462 control multi 
plexer 463 to provide the V-expander output signal from any 
of four MUX input signals representing the four expander 
modes. 

0089. When MUX select signals S1, S0 (from memory 
cells 461, 462, respectively) are both low (i.e., 0.0) the 
v-expander is in 2:1 MUX mode. MUX 463 provides the 
output of MUX 464. MUX 464 multiplexes between the AB 
expander output and the input to the vertical expander chain 
from below (e.g., vXpChainIn for v-expander VXpF). MUX 
464 is controlled by signal cleSel (vXpF) or cleSel ANDed 
with VIM G data input signal g6 (vXpG). When the select 
signal for MUX 464 is low, MUX 464 provides the input to 
the vertical expander chain from below. When the select 
signal is high, MUX 464 provides the output signal from the 
AB expander ABMux. Note that when signal cleSel is low, 
the Signal from below is passed on up the vertical expander 
chain; therefore, both V-expanders in the Slice are bypassed. 
For both F and G V-expanders, the 2:1 MUX mode is used, 
for example, in implementing large LUTs, multiplexers, and 
RAMS. 

0090 When signals S1, S0 are 0.1, the v-expander is in 
2-input OR mode. MUX 463 provides the OR function 
(provided by OR gate 465) of the AB expander output and 
the input to the vertical expander chain from below. This 
mode is used, for example, in implementing large PAL 
StructureS. 

0091. When signals S1, S0 are 10, the V-expander is in 
Get-On mode, and MUX 463 provides the AB expander 
output signal. Get-On mode is used to initiate the vertical 
expander chain. 
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0092. When signals S1, S0 are 1,1, the V-expander is in 
Feed through mode, and MUX 463 passes the vertical 
expander chain input Signal to the Vertical expander chain 
output. Therefore, the VIM and associated logic (the half 
Slice) is bypassed by the V-expander chain. In Some embodi 
ments, Feedthrough mode can be used to combine vertically 
non-adjacent VIMs into a VIM complex, bypassing inter 
vening VIMs. When both v-expanders (vXpF and VXpG) are 
in Feedthrough mode, Signal VXpChainIn is passed on to 
Signal VXpchainout. 

0093 FIG. 4C shows one embodiment of an AB 
expander ABMuX. In the pictured embodiment, a configu 
ration memory cell 471 controls multiplexer 473 to provide 
the AB expander output signal from either of two MUX 
input signals representing the two expander modes. When 
MUX select signal S0 from memory cell 471 is low (i.e., 0) 
the AB expander is in 2:1 MUX mode. MUX 473 provides 
the output of MUX 474, which multiplexes between the 
outputs of the two h-expanders (hXp A, hXpB) associated 
with the same VIM. For example, AB expander ABMuxG 
multiplexes between the outputs of h-expanderS hXpGA and 
hXpGB. MUX 464 is controlled by the data input signal fö 
or g5 of the associated VIM (VIM For VIM G, respec 
tively). For example, AB expander ABMuxG uses the g5 
Signal as the MUX Select signal. This mode is used, for 
example, in combining the two 5-input LUT output signals 
L5A and L5B to create a 6-input LUT output signal. (The 
VIM is also in LUT 6 mode, as was described in conjunction 
with FIG.3.) This mode is also used in creating large LUTs, 
multiplexers, and RAMS. 

0094. When signal S0 is 1, the V-expander is in 2-input 
OR mode. MUX 473 provides the OR function (provided by 
OR gate 475) of the two h-expanders associated with the 
Same VIM. This mode is used, for example, in implementing 
large PAL structures. In this embodiment, the AB expanders 
do not need a feedthrough mode, because the AB expander 
is easily bypassed, with the h-expander output signal being 
passed directly to the output multiplexers (see FIG. 2). 
Bypassing the AB expander generally results in a faster 
circuit implementation than passing the Signal through the 
expander. 

0.095 FIG. 4D shows one embodiment of a Sum-Of 
Products expander (SOP expander) sopxp. In the pictured 
embodiment, two configuration memory cells 481, 482 
control multiplexer 483 to provide the SOP expander output 
Signal Sopchainout from any of three MUX input signals 
representing the three expander modes. In the pictured 
embodiment, MUX select signals S1, S0 (from memory 
cells 481, 482, respectively) are not both low at the same 
time. In other embodiments (not pictured), the SOP expand 
ers also have a 2:1 MUX mode, similar to that of the 
h-expanders and V-expanders, that is Selected when signals 
S1, SO are both low. 

0096. When signals S1,SO are 0.1, the SOP expander is in 
2-input OR mode. MUX 483 provides the OR function 
(provided by OR gate 485) of the output of the V-expander 
vXpG (vXpChainOut) and the input to the SOP chain 
(SopChainIn). This mode is used, for example, in imple 
menting large PAL structures. 

0097. When signals S1,SO are 10, the SOP expander is in 
Get-On mode, and MUX 483 places the output of the 
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v-expander VXpG (vXpChainOut) on the SOP chain. Get 
On mode is used, for example, to initiate SOP chains for 
large PALs. 
0098. When signals S1,SO are 1,1, the V-expander is in 
Feed through mode, and MUX 483 passes the SOP expander 
chain input signal (SopChainIn) to the SOP expander chain 
output (sopChainOut). Therefore, the slice is bypassed by 
the SOP expander chain. In some embodiments, 
Feedthrough mode can be used to combine non-adjacent 
Slices into a VIM complex, by bypassing intervening Slices. 
0099] VIM Complexes 
0100. The expander modes provided by the configured 
functions of the h-expanders and the V-expanders, together 
with the selected expansion mode of the CLE, determine the 
size of the VIM complex that will be used to implement a 
user function. For example, in combining horizontally adja 
cent Slices, a user can choose to combine one, two, three, 
four, or more slices to form a VIM complex. 
0101 To create a VIM complex including two or more 
horizontally positioned slices, the Slice on the left edge of 
the complex is used to initiate the horizontal expander chain. 
A horizontal expander chain can be initiated by Setting the 
h-expander to Get-On mode and Selecting either the L5 
signal or the PAL AND signal to be placed on the horizontal 
expander chain. Alternatively, a horizontal expander chain 
can be initiated by setting the h-expander to 2:1 MUX mode 
and Setting the corresponding SliceSel Signal high, to place 
the L5 output signal onto the datapathCut terminal of the 
slice. Which method to use to initiate the chain depends on 
the function to be implemented by the VIM complex. 
Exemplary functions are shown in FIGS. 7-35, and are 
described in conjunction with these figures. 
0102 Once the horizontal expander chain has been ini 
tiated, the h-expanders of the remaining slices in the VIM 
complex can be set to 2:1 MUX mode or 2-input AND mode, 
depending on the function to be implemented by the VIM 
complex. If the horizontal expander chain is to bypass a Slice 
(i.e., if one or both of the VIMs in the slice are to be omitted 
from the VIM complex), the h-expander is set to 
Feed through mode. 
0103) The horizontal expander chain can be accessed 
Simply by “extracting the chain output through either the 
AB expander ABMux and the output multiplexer oMux, or 
via the carry multiplexercyMux (see FIG. 2). Alternatively 
or additionally, to create larger or more complex functions, 
the horizontal expander chain values can be combined using 
the vertical expander chain. For example, the output from 
the h-expander hXp can be routed through the AB expander 
ABMux to the V-expander VXp. Thus, if the horizontal 
expander chain forms a “first level” of complexity for 
implementing user functions, the vertical expander chain 
can optionally be used to form a “second level” of com 
plexity that builds on the “first level” logic implemented by 
the horizontal chains. 

0.104) To create a VIM complex including more than one 
vertically positioned VIM, the V-expanders are used. First, 
note that each slice includes two VIMS and two horizontal 
expander chains. The two horizontal expander chains in a 
Slice can be used independently or they can be combined, for 
example, by Setting the VXpF V-expander to Get-On mode 
and the VXpG V-expander to 2:1 MUX mode or 2-input OR 
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mode. The vertical expander chain can be accessed at this 
point, or can be extended into a slice located above slice 200 
in an adjacent CLE, or both. When the horizontal expander 
chain is not in use, the vertical expanders can Still be used, 
by deriving the output of the AB expander ABMux from the 
VIM L5 output or the PAL AND logic, then placing the 
output of the AB expander ABMux onto the vertical 
expander chain. 
0105. A v-expander chain can be initiated by setting the 
V-expander to Get-On mode, as described in the previous 
example. Alternatively, a V-expander chain can be initiated 
in VIMF by setting V-expander VXpF to 2:1 MUX mode and 
Setting the cleSel Signal high, to place the ABMuXF output 
Signal onto the output terminal of the VXpF expander. 
Similarly, a v-expander chain can be initiated in VIM G by 
setting V-expander VXpG to 2:1 MUX mode and setting the 
cleSel and g6 Signals high, to place the ABMuXG output 
signal onto the vXpChainOut terminal of the slice. As a third 
alternative, a vertical expander chain can be initiated by 
Setting the V-expander to 2-input OR mode and providing a 
“0” (low) signal to the input signal of the chain (as shown, 
for example, in FIG. 7). Which method to use to initiate the 
chain depends on the function to be implemented by the 
VIM complex. Exemplary functions are shown in FIGS. 
7-35, and are described in conjunction with these figures. 
0106 Once the vertical expander chain has been initiated, 
the remaining V-expanders in the VIM complex can be set to 
2:1 MUX mode or 2-input OR mode, depending on the 
function to be implemented by the VIM complex. If the 
vertical expander chain is to bypass a VIM, the associated 
V-expander is set to Feedthrough mode. 
0107 The vertical expander chain can be accessed simply 
by “extracting the chain output through the output multi 
plexer oMux (see FIG.2). Alternatively or additionally, the 
Vertical expander chain output can be included in the hori 
Zontal Sum-of-Products (SOP) chain using the SOP 
expander, to create even larger and/or more complex func 
tions. Thus, the SOP expander chain forms an optional “third 
level” of complexity for implementing user functions that 
builds on the “second level” logic implemented by the 
vertical expander chains. Alternatively, the SOP expander 
chain can be used as a “second level” of complexity building 
on the “first level” logic of the vertical chains, if the 
horizontal expander chains are not in use. 
0108). The SOP expanders provide a second method of 
creating a VIM complex that spans multiple horizontally 
positioned slices. The SOP expanders are primarily used for 
combining two or more vertical expander chains. However, 
if the vertical expander chain in a given slice is not in use, 
the SOP expander chain can still be used by setting the 
vXpG V-expander to Get-On mode, thus supplying the AB 
expander (ABMuxG) output to the SOP expander chain. 
0109) An SOP expander chain can be initiated by setting 
the SOP-expander Sopxp to Get-On mode. Alternatively, an 
SOP expander chain can be initiated by setting the SOP 
expander SopXp to 2-input OR mode and Supplying a “0” 
(low) signal to the SopChainIn terminal of the Slice, as 
shown in FIG. 8. 

0110. Once the SOP expander chain has been initiated, 
the remaining SOP expanders in the VIM complex can be set 
to 2-input OR mode. If the SOP expander chain is to bypass 
an SOP expander, the SOP expander is set to Feed through 
mode. 
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0111. The value on the SOP expander chain is available 
at the SopChainOut terminal of each Slice. 
0112 Expansion Control Block 
0113 FIG. 5 shows one implementation of expansion 
control block 110. Expansion control block 110 generates 
the Slice Select Signals that control the horizontal expanders 
when they are in 2:1 MUX mode, and also provides the CLE 
Select Signal that controls the vertical expanders when they 
are in 2:1 MUX mode. In the pictured embodiment, the 
various expanders are also controlled by data Stored in 
configuration memory cells, and by Signals Supplied to the 
VIMS on the data input lines, e.g., f, g5, g6, and g7. 
0114. In other embodiments of the invention, the expand 
erS are controlled in other ways and by other Sources. For 
example, in one embodiment (not shown), a CLE-wide 
control signal is provided that Sets the horizontal, Vertical, 
and SOP expanders to Feedthrough mode. (In one embodi 
ment, this function is implemented by forcing the Select 
signals of multiplexers 453, 463, and 483 high whenever the 
CLE-wide Feedthrough signal is high.) These and other 
variations on the inventive concept will become obvious to 
those of ordinary skill in the art on contemplation of the 
present description and figures. These variations fall within 
the Scope and compass of the present invention. 
0115 Expansion control block 110 includes a CLE 
Expander Control portion 520, a Block 0 control portion 
530, and a Block 1 control portion 540. CLE Expander 
Control portion 520 includes two configuration memory 
cells 501, 502 providing expansion mode control signals 
modeSel0 and modeSel1, respectively. Signal modeSel0 
controls multiplexer 503, which provides a “1”, (a high 
level) to signal cleSel when modeSel.0 is low, and provides 
the signal on g7 of slice 1 to cleSel when modeSel0 is high. 
Signal modeSel1 controls multiplexer 504, which provides 
a “1” to signal blockSel0 when modeSel1 is high, and 
provides the signal on g7 of slice 3, inverted by inverter 506, 
to signal blockSel0 when modeSel1 is low. Multiplexer 505 
provides a “1” to signal blockSel1 when modeSel1 is high, 
and provides the Signal on g7 of Slice 3 to Signal blockSel1 
when modeSel1 is low. 

0116 Block 0 control portion 530 includes AND gates 
531, 532 and inverter 533. AND gate 531 provides slice 
select signal sliceSel0, and is driven by cleSel, blockSel0, 
and the signal on g7 of slice 0, inverted by inverter 533. 
AND gate 532 provides slice select signal sliceSel1, and is 
driven by cleSel, blockSel0, and the signal on g7 of slice 0. 
Note that signals sliceSel0 and sliceSel1 are not both high at 
the same time, because the Signal on g7 of Slice 0 cannot be 
both high and low at the same time. 
0117) Similarly, block 1 control portion 540 includes 
AND gates 541, 542 and inverter 543. AND gate 541 
provides Slice Select Signal sliceSel2, and is driven by cleSel, 
blockSel1, and the signal on g7 of slice 2, inverted by 
inverter 543. AND gate 542 provides slice select signal 
sliceSel3, and is driven by cleSel, blockSel1, and the signal 
on g7 of Slice 2. 
0118 Expansion control block 110 can assume any of 
three different modes (“expansion modes”):Block mode, 
CLE mode, and Default mode. The expansion modes are 
only significant when the h-expanders are in 2:1 MUX 
mode, when the active expansion mode controls the behav 
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ior of the Slice and CLE Select Signals. The active expansion 
mode is Selected by the States of two mode control Signals, 
modeSel0 and modeSel1, which in the pictured embodi 
ments are controlled by values Stored in two configuration 
memory cells. Table 2 shows the three different expansion 
modes, the corresponding States of the mode Select Signals, 
and the logic levels on the CLE, block, and Slice control 
Signals. Note that mode control Signals modeSel0 and mode 
Sel1 are not both high at the same time, as this is an 
unsupported configuration. The notation g7(3) means that 
the g7 signal of slice 3 is high, while the notation g7(3)' 
means that the g7 Signal of Slice 3 is low. The notation 
g7(1) g7(3) represents the signal g7(1) ANDed with the 
Signal g7(3). 

TABLE 2 

Expansion mode- cle- block 
Mode SelO,1 Sel Sel.0.1 sliceSel0,1,2,3 

Block O, 1. 1, 1 g7(0)', g7(0), g7(2)' g7(2) 
CLE O 

g7(3) g7(1) g7(3)' g7(O), 
g7(1) g7(3) g7(2)", 
g7(1) g7(3) g7(2) 

0119 Multiplexer Chains 
0120. One advantageous use of the h-expanders is to 
implement long multiplexer chains. Multiplexer chains are 
used, for example, to implement large lookup tables, mul 
tiplexers, tristate buffers, and RAMS. Because expanders in 
2:1 MUX mode are controlled by a signal not provided to the 
VIM (e.g., a slice Select signal), they provide an opportunity 
to insert an additional input, thereby implementing functions 
that cannot be implemented in a single VIM, but without 
using additional VIMs. Therefore, multiplexer chains are a 
powerful tool that can reduce the on-chip resources required 
to implement large user functions. 
0121 When a series of h-expanders are configured in 2:1 
MUX mode, the number of slices contributing to the result 
ing VIM complex depends on which Slices are Selected to 
initiate the horizontal expander chains. For example, if every 
other slice initiates a new chain, VIM complexes of 2 slices 
(e.g., one block) are formed. If every fourth Slice initiates a 
new chain, VIM complexes of 4 slices (e.g., one CLE) are 
formed. The three expansion modes (Block, CLE, and 
Default modes) of expansion control block 110 control 
which Slices initiate new horizontal expander chains, by way 
of the Slice Select Signals. 
0122) When the h-expanders are in 2:1 MUX mode, 
Block expansion mode results in both blocks in the CLE 
being Selected to initiate a multiplexer chain. For example, 
using Block mode, two VIM complexes can be created in a 
Single CLE, each comprising a single block, or two Slices. 
AS can be seen by the Slice Select Signal values in Table 2, 
the g7 Signal from the left-hand Slice in each block (i.e., 
slices 0 and 2) selects between the two slices in the block. 
In other words, because the two Slice Select Signals within 
each block always have opposite values, only one slice in the 
block initiates a horizontal expander chain. For example, 
when the g7 signal from slice 0 (denoted “g7(0)” in Table 2) 
is low, slice 0 is selected to initiate the chain (i.e., signal 
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SliceSel0 is high), but slice 1 is not selected (i.e., signal 
SliceSel1 is low). If Slice 2 is also selected to initiate a new 
horizontal expander chain (i.e., if g7(2) is low), slices 0 and 
1 together form a single VIM complex. 
0123. As described, Block expansion mode can be used 
to create a VIM complex comprising the two slices in one 
block, e.g., to combine Slices 0 and 1, and/or to combine 
slices 2 and 3. However, if the values on the g7 terminals are 
correctly Selected, slices from different blockS can be com 
bined. Therefore, the VIM complex can cross a block 
boundary. 
0.124. When the h-expanders are in 2:1 MUX mode, the 
CLE expansion mode results in only one block in the CLE 
being Selected to initiate a multiplexer chain, and only one 
Slice in the Selected block being Selected. For example, using 
CLE mode, one VIM complex can be created from a single 
CLE (two blocks, or four slices). As can be seen by the slice 
Select Signal values in Table 2, the g7(3) Signal Selects 
between the two blocks in the CLE. For example, when 
g7(3) is low, either slice 0 or slice 1 is selected depending 
on the value of g7(0). When g7(3) is high, either slice 2 or 
Slice 3 is selected depending on the value of g7(2). To use 
the entire CLE as a single VIM complex, slice 0 is selected 
to initiate the h-expander chain. Therefore, Signals g7(3) and 
g7(0) are both low. 
0.125 AS described, CLE expansion mode can be used to 
create a VIM complex comprising Slices 0-3 from a single 
CLE. However, if the values on the g7 terminals are cor 
rectly selected, slices from different CLEs can be combined. 
Therefore, the VIM complex can cross a CLE boundary. 
0.126 When the h-expanders are in 2:1 MUX mode, the 
Default expansion mode results in either of two situations: 
1) g7(1) is low, So no slices are selected to initiate the 
multiplexerchain; or 2) g7(1) is high, So the CLE reverts to 
CLE expansion mode and only one slice is Selected to 
initiate the multiplexer chain. This mode can be used, for 
example, when the g7(1) input signal is required as an input 
to a complex function in a VIM complex larger than one 
CLE 

O127) 
0128 Clearly, the task of selecting and specifying the 
correct expansion mode for each CLE, the correct expander 
modes for each expander in each Slice, and the correct values 
for the fS, g5, g6, and g7 data inputs for each VIM, can be 
time-consuming if manual methods are used. In one embodi 
ment, FPGA implementation Software (i.e., mapping and 
placement software) provided by the FPGA manufacturer 
Selects and Specifies these modes and values. In this embodi 
ment, the presence of the expander capability is transparent 
to the user's Schematics, HDL description, netlist, or other 
entry method. 
0129. In another embodiment, the FPGA manufacturer 
Selects and Specifies these modes and values for many 
common functions, e.g., PALS, lookup tables, multiplexers, 
tristate buffers, and memories of various sizes. The FPGA 
manufacturer then provides these functions to the user as a 
collection of library elements that can be added to the user's 
circuit either as HDL elements or schematic symbols. Pref 
erably, the library elements can also be inferred by software 
that converts HDL (Hardware Design Language) circuit 
descriptions to netlists and/or FPGA configuration bit 
StreamS. 
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0130 FIG. 6A is a flow diagram showing a method for 
implementing a user circuit in a PLD using (for example) the 
logic block of FIG. 3. In the described example, the user 
circuit is a 6-input LUT (In other embodiments, user circuits 
other than LUTs, or LUTs with other numbers of inputs, are 
implemented.) In step 600, the logic block (LB) is config 
ured to be in 6-LUT mode. In other words, as described in 
conjunction with FIG. 3, the logic block provides two 
outputs of two 5-input LUTs with five shared inputs. In step 
601, an AB expander driven by the outputs of the two 
5-input LUTs is configured as a multiplexer (see FIG. 2, for 
example). The resulting multiplexer is controlled by a signal 
that forms the 6th input to the 6-LUT user circuit. 
0131 FIG. 6B is a flow diagram showing a method for 
implementing a user circuit in a PLD using expanders. In 
Step 602, a first portion of the user circuit is implemented in 
a first logic block (LB). In steps 603-605 second, third, and 
fourth portions of the user circuit are implemented in 
Second, third, and fourth portions of the user circuit, respec 
tively. Steps 602-605 can be performed in any order. In step 
606, a first expander is configured to combine the first and 
Second logic blocks, forming a first expander chain extend 
ing in a first direction (e.g., horizontally). (Step 606 occurs 
after steps 602 and 603, but can occur prior to step 604 
and/or step 605.) In step 607, a second expander is config 
ured to combine the third and fourth logic blocks, forming 
a Second expander chain extending parallel to the first 
expander chain. In Step 608, a third expander is configured 
to combine the first and Second expander chains, forming a 
third expander chain extending in a direction orthogonal to 
the first and Second chains (e.g., vertically). 
0132) The remainder of the present specification 
describes exemplary implementations of various user cir 
cuits using the CLE of FIG. 1, the slice of FIG. 2, and the 
VIM of FIG 3. 

0133) 
0134 FIGS. 7-10 show how to implement exemplary 
PALS of various sizes. In each of these examples, the VIMS 
are configured in PAL mode. In another embodiment, the 
VIMS are replaced by logic blocks always operating as 
product term generators, with LUT functionality not being 
provided by the logic blocks. In another embodiment, the 
Pterms are always provided, regardless of the configured 
LUT mode of the VIM (e.g., both Pterm outputs and LUT 
outputs are provided in 5-LUT and 6-LUT modes). In some 
embodiments, other functionalities than PALS and LUTs are 
also Supported. 
0135 FIG. 7 shows how the two VIMs of one slice can 
generate four output signals, each comprising one Pterm 
(i.e., product term) of 16 inputs. As shown in FIG. 7, the 
h-expanderS hxpare placed in Get-On mode, with each one 
placing the associated PAL AND output onto the datapathout 
terminal of the horizontal chain. The PAL AND output is 
available on either the datapathCut terminal or the data 
terminal “d” (via the output multiplexer oMux). 
0.136 Alternatively, the 16-input Pterms can be combined 
in pairs within the slice using the AB expanders ABMuxF 
and ABMuxG in 2-input OR mode, thereby providing (again 
through the output multiplexers oMux) two PAL outputs of 
2 Pterms with 16 inputs each. 
0137 FIG. 8 shows how horizontally adjacent VIMs 

(i.e., VIMs in two different slices) can be combined using 
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expanders to generate four output signals, each comprising 
one Pterm of 32 inputs. This figure shows how to combine 
horizontally-positioned VIMs to increase the number of 
Pterm inputs, while the example of FIG. 7 shows how to 
combine two vertically-positioned VIMs in the same slice. 
In the example of FIG. 8, slice 0 and slice 1 of a single CLE 
are used. However, any two horizontally-positioned slices 
can be combined. They need not be in the same CLE, nor 
adjacent to each other. 

0.138. In slice 0, the h-expanders are configured in Get 
On mode, placing the PAL AND signal onto the horizontal 
expander chain. As in FIG. 7, each PAL AND output has 16 
inputs. The output of the h-expander is then passed along the 
horizontal expander chain to slice 1, where the h-expander 
is configured in 2-input AND mode. Therefore, in slice 1, the 
PAL AND output from slice 0 is combined in an AND 
function with the PAL AND output from slice 1. Thus, the 
output of the h-expander in slice 1 is a 32-input Pterm. Of 
course, the 32-input Pterm can be placed on the “d' output 
terminal as in FIG. 7, as desired. Alternatively, the horizon 
tal expander chain can be extended to yet another Slice, as 
in FIG. 9, further increasing the number of inputs to the 
Pterms. 

0139 FIG. 9 shows how two or more slices can be 
combined using expanders to generate one OR'ed output 
signal (4PTm 16) comprising four Pterms of m 16 inputs 
(1PTm 16), where m is the number of slices. Slice 0 initiates 
the horizontal expander chain (as in FIGS. 7 and 8), while 
Slices 1 through m-1 are each configured to add an addi 
tional 16 inputs to the PAL AND signal on the horizontal 
expander chain (as in slice 1 of FIG. 8). Each resulting 
Pterm (1PTm*16) has m16 inputs. Slice m-1 is further 
configured to combine the two horizontal expander chains 
associated with each VIM, using the AB expanders 
(ABMuxF and ABMuxG) configured in 2-input OR mode. 
The outputs of the AB expanders are then combined (also in 
Slice m-1) using the vertical expander chain (VXpF and 
vXpG). The V-expander VXpG is configured in 2-input OR 
mode. The V-expander VXpF is configured in Get-On mode. 
(To create wider PALs, the V-expander VXpF is configured 
in 2-input OR mode, thereby adding Pterms from the slice 
below, as shown in FIG. 10.) Thus, the resulting circuit is a 
Series of Pterms combined using an OR function, creating a 
PAL output. 

0140. In the pictured example, the vertical expander 
chain is initiated in V-expander VXpF by placing the 
expander in Get-On mode. Alternatively, for example in an 
embodiment where Get-On mode is not available, the ver 
tical expander chain can be initiated by ORing the output of 
AB expander ABMuxF with a “0” logic level (i.e., logic 
low) on the VxpChainIn terminal. In one embodiment, a 
weak pulldown transistor is provided to pull the vXpChainIn 
Signal low when no other value is provided. In another 
embodiment, a pulldown transistor on the VXpChainIn line 
is controlled by a configuration memory cell. 

0141 AS has been seen by the previous examples, the 
horizontal expander chain can be used to increase the 
number of inputs for a Pterm. The vertical expander chain 
can then be used to combine a large number of Pterms to 
generate a wide PAL output signal. As shown in FIG. 10, 
several vertically-positioned CLEs can be combined by 
using the configuration of FIG. 9, but extending the vertical 
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expander chain acroSS CLE boundaries. The vertical 
expander chain can be made as long as necessary to imple 
ment any size of PAL logic, by configuring the initiating 
V-expander in Get-On mode and the Subsequent expanders 
in 2-input OR mode. (Of course, V-expanders can be skipped 
by placing them in Feedthrough mode.) However, an 
extremely long expander chain would be very slow. There 
fore, for very wide functions, the CLE of FIG. 2 provides a 
second type of horizontal expander chain-the SOP chain 
that can be used to combine the outputs of Several vertical 
expander chains. 

0142 FIG. 10 shows how multiple VIMs can be com 
bined using the SOP expanders to implement very large 
PALS, e.g., PALS with more than 8 Pterms of more than 16 
inputs. The VIM complex of FIG. 10 is “r” CLEs high and 
“c m” slices wide. The VIM complex includes “c' columns 
of “m” slices each, with each group of “m” horizontally 
adjacent slices being configured to implement (m. 16)-input 
Pterms. These Pterm outputs are then combined using the 
vertical expanders as shown in FIG. 9. Each group of “m” 
horizontally-positioned slices thus provides a PAL output of 
four Pterms with m 16 inputs (4PTm 16). The outputs of 
the vertical expander chains (4PTm 16) are fed into the SOP 
expanders (SopXp). The initiating SOP expander is placed in 
Get-On mode, which places the output of the associated 
v-expander on the SOP expander chain. The Subsequent SOP 
expanders are configured in 2-input OR mode. (Of course, 
SOP expanders and their associated CLEs can be omitted 
from the SOP expander chain by placing the SOP expanders 
in Feedthrough mode.) Thus, the number of combined 
Pterms is 4* r c. 

0143) Note that the delay through the OR function using 
SOP expanders in an array of CLES as shown in FIG. 10 is: 
0144 horiz delay+(vert delayr)+(SOP delay)*c) 
0145 where “horiz delay” is the delay through one CLE 
on the horizontal expander chain, “vert delay' is the delay 
through one CLE on the vertical expander chain, and “SOP 
delay” is the delay through one CLE on the SOP expander 

chain. 

0146 For the same size PAL implemented without the 
SOP chain (i.e., using only the horizontal and vertical 
expander chains in a single column of ric CLES), the delay 
is: 

0147 horiz delay+(vert delay r*c) 
0.148. Therefore, for large PALs, the SOP expander chain 
provides a much faster implementation than would other 
wise be available. 

0149) 
0150 FIGS. 11-16 show how to implement exemplary 
lookup tables (LUTs) of various sizes. 
0151 FIG. 11 shows how a single VIM can implement 
two 5-input LUTs. In the embodiment of FIG.2, both VIMs 
are the same, so only VIM F is shown in FIG. 11. The 
half-slice including VIM G can be similarly configured. The 
VIM (for example, a VIM as in FIG. 3) can be configured 
in either of two different modes. As described above, in 
5-LUT mode the VIM provides the outputs of two 5-input 
lookup tables. Output L5A is based on the values of VIM 
data input signals f()-f4 (input signals O-j4, respectively). 
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Output L5B is based on the values of VIM data signals f7-f3 
(input signals i0-i4, respectively). Therefore, the two LUTs 
share two input signals, f3 and f4. (In other words, i3 and j4 
are the same signal, and i4 and 3 are the same signal.) The 
L5 output signals each drive an h-expander hXp in Get-On 
mode. Therefore, the L5 output Signals are placed on the 
horizontal expander chain, from which they can be extracted 
onto the “d' output terminals via the output multiplexers 
oMuxFA and oMuxFB. 

0152 FIG. 12 shows how a single VIM can implement 
one 6-input LUT using an AB expander. Again, only the 
half-slice including VIM F is shown, but the half-slice 
including VIM G can be similarly configured. The VIM is 
configured in 6-LUT mode. As described above, in 6-LUT 
mode the VIM provides the outputs of two 5-input LUTs, but 
the two output signals L5A and L5B are each based on the 
same five input signals, VIM data input signals f()-fa (input 
Signals i0-i4, respectively). The Selection between the two 
output signals L5A and L5B is performed by the AB 
expander ABMuxF, configured in 2:1 MUX mode. The 
Select signal i5 comes from the fS data input terminal of the 
VIM, and provides the sixth input for the 6-input LUT. The 
output of the AB expander ABMuxF can be extracted via the 
output multiplexer oMuxFA. 
0153 FIG. 13 shows how the two VIMs of one slice can 
be combined using expanders to implement one 7-input 
LUT. Both VIMs in the slice are configured in 6-LUT mode, 
with the AB expander being used to generate the 6-LUT 
output as in FIG. 12. However, the output of AB expander 
ABMuxF is placed on the vertical expander chain via 
v-expander VXpF in Get-On mode, then combined with the 
output of AB expander ABMuxG in v-expander VXpG, 
which is configured in 2:1 MUX mode. The control input i6 
for the resulting multiplexer, which provides the Seventh 
input for the 7-input LUT, comes from the g6 data input of 
VIM G. The output of the 7-input LUT can be extracted 
from the vertical expander chain via the output multiplexer 
OMuxGB. 

0154). As seen in FIG. 2, vXpG in 2:1 MUX mode is 
actually controlled by AND gate 202, which combines the 
g6 data input Signal with the CLE Select Signal cleSel. 
However, in the example of FIG. 13 the cleSel signal is held 
high. Therefore, AND gate 202 is omitted, for clarity, from 
this and other figures where cleSel has a constant high value. 
0155 FIG. 14 shows how the VIMs of two horizontally 
positioned slices (e.g., one block) can be combined using 
expanders to implement one 8-input LUT. As with the other 
examples that show two or more horizontally adjacent 
Slices, the Slices need not be adjacent. If the h-expanders of 
intervening Slices are placed in feedthrough mode, non 
adjacent slices can be combined to implement the functions 
described herein. However, the Slice Select signals must be 
correctly adjusted to account for the change, and the use of 
adjacent Slices is generally the preferred implementation. 
For these reasons, all examples shown herein use horizon 
tally adjacent slices to implement the desired user circuits. 
0156 All VIMs in this example are configured in 6-LUT 
mode. Further, the CLE expansion control block is placed in 
Block mode. See the “Multiplexer Chains” section, above, 
for a description of the Block expansion mode and its effect 
on the function of h-expanders in 2:1 MUX mode. 
0157. In slice 0, each half-VIM implements a function of 
five input signals iO-i4, which is placed on the horizontal 
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expander chain via h-expanderS hXp configured in Get-On 
mode. In slice 1, each half-VIM implements a function of 
the same five input Signals iO-i4. These functions are com 
bined with the values from the four horizontal expander 
chains, using the h-expanders of Slice 1 configured in 2:1 
MUX mode. The select signal for the 2:1 MUX mode of the 
h-expanderS is the slice Select Signal SliceSel1. Signal Slice 
Sel1 is based on the g7 data input signal from Slice 0 (see 
FIG. 5), so the i7 input signal is placed on the g7(0) data 
input terminal. Thus, each of the four h-expanders in Slice 1 
provides an independent function of the Six input signals 
i0-i4 and i7. 

0158. The outputs of the h-expanders are now combined, 
in pairs associated with each VIM. The outputs of h-ex 
panders hXpFA and hXpFB are combined using AB 
expander ABMuXF configured in 2:1 MUX mode. The 
outputs of h-expanders hXpGA and hXpGB are combined 
using AB expander ABMuxG configured in 2:1 MUX mode. 
Each of the resulting multiplexers is controlled by the i5 
Signal, which is placed on the fS, g5 data input terminal of 
the associated VIM. Thus, each of the two AB expanders in 
Slice 1 provides an independent function of the Seven input 
signals i0-i5 and i7. 
0159. The outputs of the AB expanders are now com 
bined using the Vertical expander chain. V-expander VXpF is 
configured in Get-On mode, in which mode it places the 
output of AB expander ABMuxF onto the vertical expander 
chain. V-expander VXpG is configured in 2:1 MUX mode, in 
which it selects between the outputs of the two AB expand 
ers. The control signal for this multiplexer is the ió signal, 
which is placed on the g6 data input terminal of VIM G 
(g6(1)). Thus, the output of V-expander VXpG in Slice 1 is a 
function of the eight input signals i0-i7. This 8-LUT output 
Signal can be extracted via the output multiplexer oMuxGB. 
0160 FIG. 15 shows how the VIMs of four slices (e.g., 
one CLE) can be combined using expanders to implement 
one 9-input LUT. All VIMs in this example are configured 
in 6-LUT mode. Further, the CLE expansion control block 
is placed in CLE mode. See the “Multiplexer Chains” 
Section, above, for a description of the CLE expansion mode 
and its effect on the function of h-expanders in 2:1 MUX 
mode. 

0.161 In the example of FIG. 15, input signals iO-i4 are 
provided to all VIMs. Therefore, each VIM generates two 
functions of the Same five input signals i0-i4. Two more 
input Signals are provided on the g7 input terminals of Slices 
0 and 2 (iT in both cases) and the g7 input terminal of slice 
3 (i8). These two signals i7, i8 are used to generate the Slice 
select signals sliceSel1, sliceSel2, and sliceSel3 (see FIG. 
5). These slice Select signals control the h-expanders in 
slices 1-3, respectively, which are configured in 2:1 MUX 
mode. (The h-expander in slice 0 is configured in Get-On 
mode, to initiate the h-expander chain.) Thus, each of the 
four h-expanders in Slice 3 provides an independent function 
of the Seven input Signals i0-i4, i7, and i8. 
0162 The AB expanders and V-expanders in slice 3 are 
configured as in slice 1 in the example of FIG. 14. The AB 
expanders in 2:1 MUX mode are controlled by input signal 
i5, which is provided on the associated fS, g5 data input 
terminal of the associated VIM. Therefore, each of the two 
AB expanders in Slice 3 provides an independent function of 
the eight input signals iO-i5, i7, and i8. V-expander VXpG in 
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2:1 MUX mode is controlled by the i6 signal, which is 
placed on the g6 data input terminal of VIM G. Thus, the 
output of V-expander VXpG in slice 3 is a function of the 
nine input signals iO-i8. This 9-LUT output signal can be 
extracted via the output multiplexer OMuxGB. 

0163 FIG. 16 shows how the VIMs of multiple CLES 
can be combined using expanders to implement LUTs with 
more than 9 inputs. As in the example of FIG. 15, all VIMS 
are configured in 6-LUT mode. However, in this example 
the CLE expansion control block is placed in the Default 
mode. Thus, the clesel control signal is an active contributor 
to the functionality of the CLE. See the “Multiplexer 
Chains” section, above, for a description of the Default 
expansion mode and its effect on the function of h-expanders 
in 2:1 MUX mode. 

0164. To implement a LUT having more than 9 inputs, an 
Nth input Signal iN is provided using the g7 data input 
terminal of VIM G in slice 1 (g7(1)). This input signal iN is 
then ANDed with input signals i7 and i8 in the expansion 
control block of FIG. 5, and is included in the slice select 
Signals controlling the h-expanders in 2:1 MUX mode. Also, 
the CLE Select Signal cleSel now comes into play. Rather 
than being held high, as in the previous examples, cleSel 
reflects the value of the iN input signal (see FIG.5 and Table 
2). As shown in slice 3 of FIG. 16, several CLEs can then 
be combined by extending the vertical expander chain acroSS 
the CLE boundaries. 

0165 For example, to implement a 10-input LUT (i.e., 
N=9), two vertically-positioned CLEs can be used, with i9 
being provided to one CLE (at g7(1)) and the inverse of 
signal i9 (i9") being provided to the other CLE (also at 
g7(1)). To implement an 11-input LUT, four vertically 
positioned CLEs are required, with the signals i9 and i10 
being combined using other VIMs to generate four different 
CLE Select Signals for the four CLES. Using this technique, 
LUTs of any size can be generated. 

0166 In another embodiment (not pictured), the SOP 
expanders have a 2:1 MUX expander mode. In this embodi 
ment, the SOP expander of slice 3 can be used to add 
additional inputs. For example, a 10-input LUT can be 
created by combining two horizontally-positioned CLES. 

0167) 
0168 FIGS. 17-21 show how to implement exemplary 
multiplexers of various sizes. In these examples, the VIMS 
are all configured in 6-LUT mode. In other words, as 
described in conjunction with FIG. 3, each VIM provides 
two 5-input LUT output signals L5A and L5B based on the 
Same five input signals. 

0169 FIG. 17 shows how a 4:1 multiplexer is imple 
mented using one VIM and an AB expander. Each half-VIM 
(5-LUT) implements a 2:1 MUX having two data inputs and 
a Select input. For example, L5A can provide the result of 
input signals iO and i1 MUXed together under the control of 
a first select signal sel.0. Similarly, L5B can provide the 
result of input signals i2 and i3 MUXed together under the 
control of the same Select Signal Sel0. The outputs of these 
2:1 MUXes (L5A and L5B) are then multiplexed together 
using the AB expander ABMuxF under the control of a 
Second Select signal Sell provided on the fS data input 
terminal of the VIM. Thus, the half-slice shown in FIG. 17 
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is configured to implement a 4:1 MUX. The output of the 4:1 
MUX can be extracted via the output multiplexer oMuxFA. 

0170 FIG. 18 shows how the two VIMs of one slice can 
be combined using expanders to implement an 8-to-1 MUX. 
The h-expanders and AB expanders are configured as in the 
half-slice of FIG. 17. AB expander ABMuxF provides the 
output of a 4:1 MUX acting on data inputs iO-i3 and 
controlled by select signals sel.0 and sel1. Similarly, AB 
expander ABMuxG provides the output of a 4:1 MUX acting 
on data inputS i4-i/ and controlled by Select signals SelO and 
sel1. However, the output of AB expander ABMuxF is 
placed on the vertical expander chain Via V-expander VXpF 
in Get-On mode, then combined with the output of AB 
expander ABMuxG in v-expander VXpG, which is config 
ured in 2:1 MUX mode. The third select signal sel2 for the 
resulting multiplexer comes from the g6 data input of VIM 
G. Thus, an 8:1. MUX controlled by three select signals sel0, 
sel1, sel2 is implemented. The output of the 8:1. MUX can 
be extracted from the vertical expander chain via the output 
multiplexer oMuxGB. 
0171 FIG. 19 shows how two horizontally-positioned 
Slices (e.g., one block) can be combined using expanders to 
implement a 16:1. MUX. In this example, the CLE expansion 
control block is placed in Block mode. 
0172. In slice 0, each half-VIM implements a 2:1 MUX, 
the outputs of which are placed on the horizontal expander 
chain via h-expanders hXp configured in Get-On mode. For 
example, VIM F of slice O can provide on the L5A output 
terminal the 2:1 MUX function of input signals iO and i1, 
under the control of a first Select Signal SelO, while providing 
on the L5B output terminal the 2:1 MUX function of input 
Signals i2 and i3, also controlled by the SelO Signal. Simi 
larly, VIM G of slice 0 can provide on the L5A and L5B 
output terminals the 2:1 MUX functions of input signals i4 
and i5, ió and i7, respectively, also under the control of sel0. 
In slice 1, four additional 2:1 MUX functions under the 
control of Sel0 are provided, thus introducing eight addi 
tional input signals i8-i15. 
0173. In slice 1, the outputs of horizontally-positioned 
half-LUTs are combined in pairs using the h-expanders 
configured in 2:1 MUX mode. The control signal for each 
h-expander is Slice Select Signal SliceSel1, which is a Second 
Select Signal Sel3 provided on the g7 data input terminal of 
slice 0 (see FIG. 5 and Table 2). Thus, each of the four 
h-expanders in slice 1 provides an independent 4:1 MUX 
function controlled by Select Signals Sel0 and Sel3. 
0.174. The outputs of the h-expanders are now combined, 
in pairs associated with each VIM. The outputs of h-ex 
panders hXpFA and hXpFB are combined using AB 
expander ABMuxF configured in 2:1 MUX mode. The 
outputs of h-expanders hXpGA and hXpGB are combined 
using AB expander ABMuxG configured in 2:1 MUX mode. 
Each of the resulting multiplexers is controlled by a third 
Select Signal Sell, which is placed on the fS or g5 data input 
terminal of the associated VIM. Thus, each of the two AB 
expanders in slice 1 provides an independent 8:1. MUX 
function controlled by Select Signals Sel0, Sel1, and Sel3. 
0.175. The outputs of the AB expanders are now com 
bined using the Vertical expander chain. V-expander VXpF is 
configured in Get-On mode, in which mode it places the 
output of AB expander ABMuxF onto the vertical expander 
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chain. V-expander VXpG is configured in 2:1 MUX mode, in 
which it selects between the outputs of the two AB expand 
ers. The control Signal for this multiplexer is a fourth Select 
Signal Sel2, which is placed on the g6 data input terminal of 
VIM G (gó(1)). Thus, the output of v-expander VXpG in 
slice 1 is a 16:1. MUX function of the 16 input signals i0-i15, 
under control of the four select signals sel0-sel3. This 16:1 
MUX output signal can be extracted via the output multi 
plexer oMuxGB. 

0176 FIG. 20 shows how four slices (e.g., one CLE) can 
be combined using expanders to implement a 32:1 MUX. In 
this example, the CLE expansion control block is placed in 
CLE mode. 

0177. In the example of FIG.20, each VIM provides two 
2:1 MUXes under control of the same select signal sel0. Two 
more Select Signals are provided on the g7 input terminals of 
slices 0 and 2 (sel3 in both cases) and the g7 input terminal 
of slice 3 (sel4). These two signals sel3, sel4 are used to 
generate the Slice Select Signals SliceSel1, SliceSel2, and 
sliceSel3 (see FIG. 5). These slice select signals control the 
h-expanders in Slices 1-3, respectively, which are configured 
in 2:1 MUX mode. (The h-expander in slice 0 is configured 
in Get-On mode, to initiate the h-expander chain.) 
0.178 The h-expanders in slice 0 each provide the output 
of a 2:1 MUX. The h-expanders in each Succeeding slice 
(slices 1-3) each select between the value on the horizontal 
expander chain and the value provided by the associated 
VIM. Thus, the h-expanders in slice 1 provide the output of 
a 4:1 MUX; the h-expanders in slice 2 provide the output of 
a 6:1 MUX; and the h-expanders in slice 3 provide the 
output of an 8:1. MUX. There are four such 8:1. MUXes, each 
controlled by Select Signals Sel0, Sel3, and Sel4. 
0179 The AB expanders and V-expanders in slice 3 are 
configured as in slice 1 in the example of FIG. 19. The AB 
expanders in 2:1 MUX mode are controlled by select signal 
Sel1, which is provided on the associated fS or g5 data input 
terminal of the associated VIM. Therefore, the AB expand 
ers each provide a 16:1. MUX function controlled by the 
Select signals Sel0, Sel1, Sel3, and Sel4. V-expander VXpG in 
2:1 MUX mode is controlled by select signal sel2, which is 
placed on the g6 data input terminal of VIM G. Thus, the 
output of V-expander VXpG in slice 3 is a 32:1 MUX 
function of the 32 input signals i0-i31, under the control of 
five select signals sel0-sel4. This 32:1 MUX output signal 
can be extracted via the output multiplexer OMuxGB. 
0180 FIG. 21 shows how the VIMs of multiple CLES 
can be combined using expanders to implement MUXes that 
are larger than 32:1. In this example, the CLE expansion 
control block is placed in the Default mode. Thus, the cleSel 
control Signal is an active contributor to the functionality of 
the CLE. 

0181 To implement a MUX having more than 32 inputs, 
an Nth Select signal SelN is provided using the g7 data input 
terminal of VIM G in slice 1 (g7(1)). This select signal iN 
is then ANDed with select signals sel3 and sel4 in the 
expansion control block of FIG. 5, and is included in the 
Slice Select Signals controlling the h-expanders in 2:1 MUX 
mode. Also, the CLE Select Signal cleSel now comes into 
play. Rather than being held high, as in the previous 
examples, cleSel reflects the value of the iN Select Signal 
(see FIG. 5 and Table 2). As shown in slice 3 of FIG. 21, 
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several CLEs can then be combined by extending the 
Vertical expander chain acroSS the CLE boundaries. The 
Vertical expander chain can be initiated using a V-expander 
(e.g., VXpF) in Get-On mode, and the final result can be 
extracted using an output multiplexer (e.g., oMuxGB), as 
shown in FIG. 20. 

0182 For example, to implement a 64:1 MUX (i.e., 
N=5), two vertically-positioned CLES can be used, with 
Select Signal Sel5 being provided to one CLE (at g7(1)) and 
the inverse of signal sel5 (sel5) being provided to the other 
CLE (also at g7(1)). To implement a 128:1 MUX, four 
Vertically-positioned CLES are required, with Select Signals 
sel5 and self being combined using other VIMs to generate 
four different CLE select signals for the four CLEs. Using 
this technique, multiplexers of any size can be generated. 
0183 In another embodiment (not pictured), the SOP 
expanders have a 2:1 MUX expander mode. In this embodi 
ment, the SOP expander of slice 3 can be used to add 
additional MUX select signals. For example, a 64:1. MUX 
can be created by combining two horizontally-positioned 
CLES. 

0184 Another method of creating large multiplexers (not 
pictured) is to extend the horizontal expander chain past the 
boundaries of the CLE. Referring to FIG. 21, the slice O 
h-expanders are configured in 2:1 MUX mode. The sliceSel0 
Signal then becomes active, and the value of SliceSel0 is 
already set to (sel3) (sel4)-selN (see FIG. 5 and Table 2). 
Thus, additional input and Select Signals can be provided in 
Slices to the left of the pictured slice. The expander chains 
can thus be extended either vertically, horizontally, or both, 
to form VIM complexes having any desired aspect ratio. 
0185 
0186 FIGS. 22-24 show various known methods of 
implementing wide tristate buffers. 
0187 FIG. 22 shows a general tristate buffer (“TBuf) 
structure used in prior art FPGAs. In these FPGAs, each 
CLE optionally drives one or more tristate buffers B0-Bn, 
any of which can place a value on a signal line tbus running 
parallel to a row of CLEs. Each tristate buffer B0-Bn is 
controlled by a tristate control signal ts0-tSn, respectively, to 
place one of the input signals ti0-tin, respectively, on the 
tbus line. A default value is Sometimes provided by adding 
a weak pullup (not shown) to the tbus line. This weak pullup 
can be overcome by any of the tristate buffers 220-22n 
driving a value onto the line. 
0188 FIG. 23 shows an equivalent multiplexer imple 
mentation to the TBufstructure of FIG. 22. MUXes MO-Mn 
are controlled by tristate control Signals tS0-tSn, respectively, 
to pass either the current input Signal ti0-tin or the output of 
the previous MUX in the chain. A default value is provided 
on one input of the first MUX 230 in the chain. 
0189 Note that the multiplexercircuit shown in FIG. 23 
differs from the tristate buffer circuit of FIG. 22 in that the 
multiplexercircuit of FIG. 23 is not bidirectional. In other 
words, the “tbus' output of the multiplexer chain in FIG. 23 
can only be accessed at the right hand end of the chain, while 
the “tbus' output of the circuit in FIG. 22 is accessible at 
any point along its length. The exemplary TBuf Structure 
shown in FIG. 25 (described below) implements the mul 
tiplexercircuit of FIG. 23 rather than the TBuf structure of 
FIG. 22. 

Implementing Large TriState Buffers 
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0.190 FIG. 24 shows another equivalent structure using 
AND and OR gates. Each input signal ti0-tin is ANDed with 
the corresponding triState control Signal ts0-tSn in AND 
gates AO-An. The resulting values are ORed together using 
wide OR gate 240 to provide the output signal on the tbus 
line. 

0191 FIGS. 25-27 show how to implement various 
exemplary TBuf Structures using the expander chains in the 
slice of FIG. 2. Because wide tristate buffers can be imple 
mented using the expander chains, dedicated tristate buffers 
(such as buffers B0-Bn in FIG.22) need not be included in 
the CLE. Instead, any of the following three implementa 
tions can be used, with the choice preferably being made by 
FPGA mapping and placement Software or Synthesis Soft 
ware to maximize Speed or to consume the least amount of 
CLE resources, as required by the customer. 
0192 FIG. 25 shows how multiple VIMs can be com 
bined using horizontal expanders to implement the MUX 
based TBuf structure of FIG. 23. The h-expanders are 
configured in 2:1 MUX mode to perform the functions of 
MUXes MO-Mn in FIG. 23. The tristate control signals 
tS0-tSn are provided via the Slice Select Signals sliceSel0 
SliceSeln, respectively. Appropriate Signals are placed on the 
g6 and g7 terminals of the various Slices, from which they 
are routed to the expansion control block, where they are 
decoded to provide the slice Select Signals. 
0193 The input signals ti0-tin are generated by the VIMS 
operating in 5-LUT mode. In the example of FIG. 25, a 
default value of “0” (i.e., logic low) is provided by placing 
this value on the datapathin terminals of slice 0. In the 
pictured embodiment, the “0” value is generated in another 
LUT (not shown) and routed onto the horizontal expander 
chain using an h-expander in Get-On mode, with the L5 
Signal being placed on the horizontal expander chain. In 
other embodiments, the “0” value is provided by a pulldown 
controlled by a memory cell, by a weak pulldown that is 
always active but is easily overridden by a high value placed 
on the datapathin terminal, or by providing another mode to 
the h-expander that places a “0” value on the horizontal 
expander chain. 
0194 Each slice can provide four TBuf chains, provided 
that the tristate Select Signals tS0-tSn are shared among the 
four chains. This is not a Severe limitation, because triState 
buffer structures are often used to generate busses (e.g., 
groups of 8 or 16 bits), where each bit of a bus is controlled 
by the same tristate control Signals ts0-tSnacting on different 
input Signals ti0-tin. 
0195 FIG. 26 provides a first example of how multiple 
VIMS can be combined using horizontal expanders to imple 
ment the AND/OR TBufstructure of FIG. 24. Note that this 
Structure includes a potentially large number of 2-input 
AND gates, followed by a single potentially large OR gate. 
Clearly, the small 2-input AND gates could be efficiently 
implemented using half-VIMs, while the large OR gate 
could be implemented using a horizontal expander chain that 
can be extended as long as necessary. In one embodiment, 
the h-expanders can be configured as OR gates. However, in 
the pictured embodiment the h-expanders do not have this 
capability, so the logic of FIG. 24 is converted using de 
Morgan's theorem to equivalent logic using a wide AND 
gate, as shown in FIG. 26A. 
0196) In FIG. 26A, implementation 2600 of the TBuf 
structure is the same as that of FIG. 24. In implementation 
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2601, wide OR gate 240 is replaced by an equally wide 
NAND gate 261 having inverted (or “bubbled”) inputs. In 
implementation 2602, the bubbles on the inputs of NAND 
gate 261 have been pushed back into AND gates AO-An, 
resulting in NAND gates NAO-NAn. NAND gate 261 pro 
Viding output Signal thus has been replaced by AND gate 
262 providing output signal thus' (the inverse of thus). 
Implementation 2602 is well-suited to efficient implemen 
tation in the pictured embodiment. 
0197 FIG. 26 shows how implementation 2602 is imple 
mented using the horizontal expander chain. NAND gates 
NAO-NAn are implemented in half-VIMs in 5-LUT mode, 
with their output signals being provided on the L5A, L5B 
output terminals of the VIMs. The h-expander in the first 
Slice (e.g., slice 0) is placed in Get-On mode, with the L5 
Signal being placed on the horizontal expander chain. Each 
Subsequenth-expander (e.g., slice 1 to n) is configured in 2:1 
AND mode, ANDing between the associated L5 output 
Signal and the value on the horizontal expander chain. Thus, 
AND gate 262 is implemented on the horizontal expander 
chain. 

0198 Note that with only one 2-input NAND-gate being 
implemented in each half-VIM, other user logic can poten 
tially be included in the half-VIM as well. 
0199 FIG. 27 provides a second example of how mul 

tiple VIMs can be combined using horizontal expanders to 
implement the AND/OR TBuf structure of FIG. 24. This 
example makes more efficient use of the VIM lookup tables, 
by placing more TBuf logic into each VIM. However, there 
is less opportunity to add user logic to the VIM. In one 
embodiment, the implementation Software Selects among the 
three implementations of FIGS. 25, 26, and 27 based on the 
Suitability of associated user logic to be included in the 
VIMS, among other factors. 
0200 FIG. 27A shows the conversion of the TBufstruc 
ture of FIG. 24 to a second form more suitable for imple 
mentation in the pictured embodiment. Implementation 
2700 of the TBuf structure is the same as that of FIG. 24. 
In implementation 2701, wide OR gate 240 is replaced by an 
OR gate 271 with half as many inputs, with the outputs of 
AND gates AO-An being paired and combined using OR 
gates OO-Om. In implementation 2702, OR gate 271 is 
replaced by a NAND gate 272 having inverted (or 
“bubbled”) inputs. In implementation 2703, the bubbles on 
the inputs to NAND gate 272 have been pushed back into 
OR gates OO-Om, resulting in NOR gates NO0-NOm. 
NAND gate 272 providing output signal thus has been 
replaced by AND gate 273 providing output signal thus' (the 
inverse of thus). Implementation 2703 is well-suited to 
efficient implementation in the pictured embodiment. 
0201 FIG.27 shows how implementation 2703 is imple 
mented using the horizontal expander chain. AND gates 
AO-An and their associated NOR gates NO0-NOM are 
implemented in half-VIMs in 5-LUT mode, with their output 
Signals being provided on the L5A, L5B output terminals of 
the VIMS. For example, logic grouping 278, comprising 
AND gates A0, A1 and NOR gate NO0, can be placed in a 
single half-VIM. Logic grouping 279, comprising AND 
gates An-1, An and NOR gate NOm, can be placed in the 
other half of the same VIM. Although a VIM in 5-LUT mode 
shares two input terminals between the two 5-LUTs, in this 
embodiment each 5-LUT uses only one of the two shared 
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terminals, So two 4-input functions having fully independent 
input Signals can be implemented in the same VIM. 
0202) The h-expander in the first slice (e.g., slice 0) is 
placed in Get-On mode, with the L5 Signal being placed on 
the horizontal expander chain. Each Subsequenth-expander 
(e.g., slice 1 to n/2) is configured in 2:1 AND mode, ANDing 
between the associated L5 output signal and the value on the 
horizontal expander chain. Thus, AND gate 273 is imple 
mented on the horizontal expander chain. 
0203) Note that this example uses only half as many 
slices as the example of FIG. 26, because twice as many 
tristate buffers are implemented in each VIM. 
0204) 
0205 FIGS. 28-35 show how to implement exemplary 
random access memories (RAMs) of various sizes and 
configurations. Note that these examples are very similar to 
the examples of implementing large lookup tables (see 
FIGS. 11-16). The reason for this similarity is that the 
functionality of a lookup table and a RAM can be virtually 
identical. In fact, LUTs are usually implemented as memory 
cell arrays. The data in the memory cells is provided by 
programming the memory cells with configuration data 
representing the function to be implemented by the LUT. 
The data inputs to the LUT are then decoded and used to 
address the memory array, Selecting from among the pro 
grammed data values the one value representing the desired 
function of the input values provided (see FIG. 3). Thus, a 
LUT is simply a RAM array that can be read from at any 
time, although sometimes it can be written to only through 
the FPGA configuration process. 
0206. The LUTs of presently available FPGAs typically 
have the additional feature that the RAM array can be 
written, as well as read, during operation of the user circuit. 
This capability is imparted by adding a RAM control circuit 
that provides timing and control Signals for writing to the 
RAM. A RAM array can be read at any time, and usually 
provides output data (read data) at all times based on the 
values of the input signals. However, a write operation must 
be controlled to occur only when valid write data is available 
and a write operation is desired. Otherwise, the contents of 
the RAM array could be overwritten constantly and unpre 
dictably. In the slice of FIG. 2, this RAM control function 
is provided by the RAM control block RC. 
0207 RAM control block RC performs the following 
functions. Firstly, when the VIM implements a 2-bit wide 
RAM, it forwards address bits adr0-adr4 to VIMF and VIM 
G and forwards data bits dA and dB to VIM inputs dA and 
dB, respectively. The VIM is configured to write these bits 
into the two locations defined by adrO-adr4. Secondly, when 
the VIM implements a 1-bit wide RAM, it forwards address 
bits adr()-adrS to VIM F and VIM G and forwards data bit 
“d” to both VIM inputs dA and dB. The VIM is configured 
to write the data to the single bit defined by adrO-adris. 
Thirdly, the RAM control block gates the clock input signal 
“clk' with the write enable signal “we” to provide write 
strobe signal ws. Write strobe signal ws is controlled by 
address bit adró and the SliceSel Signal to Select one, both, 
or neither VIM in the slice. Note that data input dA and 
address bit adris are never needed at the Same time; there 
fore, they share a common input terminal (see, for example, 
FIGS. 28 and 29). Similarly, data inputs “d” and dB also use 
the same VIM input terminal. 

Implementing Large RAMs 
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0208 RAM control blocks are well known in the art of 
FPGA design. The slice of FIG. 2 could use, for example, 
a RAM control block broadly similar to that used in the 
Virtex-II FPGA available from Xilinx, Inc. 
0209. The LUTs of some presently-available FPGAs 
have various RAM operating modes. For example, Some 
LUTs can be configured as either single-port RAMs or 
dual-port RAMS. In single-port RAM mode, the RAM 
keeps only a single copy of each data value Stored in the 
memory array. Thus, a RAM with n address inputs can 
implement a (2**n)x1 single-port RAM, where 2**n is 2 to 
the nth power. If the same RAM is configured as two bits 
wide instead of one, the “height” of the RAM is cut in half, 
and the single-port RAM can implement a (2**(n-1))x2 
RAM. 

0210 Asingle-port RAM has one read port (i.e., provides 
one read value at a time) and one write port (i.e., can write 
only one value to the RAM at one time). Sometimes 
applications require a RAM to have more than one read port 
and/or write port. In the present embodiment, a dual-port 
RAM with two read ports and a single write port is Sup 
ported. As is well-known in the arts of RAM and FPGA 
design, Such a dual-port RAM can be emulated using a pair 
of single-port RAMs. The described dual-port RAM keeps 
duplicate copies of the data Stored in each Single-port RAM. 
Thus, two values can be read from two different addresses 
at the same time, one from each Single-port RAM. The data 
is provided at the output terminals of the two RAMs, thereby 
providing two read ports. Only a single write port is pro 
vided, i.e., only one value can be written at a time, and only 
to one address. The data is written simultaneously to the 
Same address in both Single-ported RAMS. Clearly, because 
each data value is Stored in two Single-port RAMS, a 
dual-port RAM requires twice as many resources to imple 
ment as a single-port RAM with the same capacity. 
0211 FIGS. 28-33 show examples of single-port RAMs 
that can be implemented in the pictured embodiment. FIGS. 
34-35 show examples of dual-port RAMs. In all of these 
examples, all VIMs are in 6-LUT mode. 
0212 FIG. 28 shows how a single VIM can be used to 
implement a 32x2 single-port RAM. Because 32=2**5, 
there are five address inputs adrO-adr4, which are provided 
on VIM data input terminals f()-fa. The two write data inputs 
dA and dB are provided on VIM data input terminals f$5 and 
f6. Essentially, each half-VIM acts as a 32x1 RAM, with 
write data input dA being provided to the half-VIM gener 
ating the L5A output, and write data input dB being provided 
to the half-VIM that generates the L5B output. The write 
enable Signal we is provided on the f7 data input terminal. 
All of these RAM input signals are also provided to the 
RAM control block. In this embodiment, the slice select 
signal slicesel is also provided to the RAM control block and 
acts as a RAM enable signal. The RAM control block 
provides the dA and dB signals to the VIM, along with a 
write Strobe Signal WS and a write address Signal wadr. 
0213) The expanders in the example of FIG. 28, which 
implements a 32x2 memory, are configured the Same as the 
example of FIG. 11, which implements two 5-input LUTs. 
This correlation is logical, based on the remarks above. 
However, note that the 32x2 RAM implementation uses a 
VIM in 6-LUT mode, so that the address inputs can be 
shared between the two bits of the memory. 
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0214 FIG. 29 shows how a single VIM can be used to 
implement a 64x1 single-port RAM. Because 64=2**6, 
there are six address inputs adrO-adriS, which are provided on 
VIM data input terminals f()-fs. Because the memory is only 
one bit wide, only one write data input is needed. The write 
data input d is provided on VIM data input terminal fö. 
Essentially, each half-VIM acts as a 32x1 RAM addressed 
by the address inputs adrO-adr4. Which half-VIM is written 
is determined by the RAM control block based on address 
bit adris, as described above. For reading, the two 32x1 
RAMs are combined into one 64x1 RAM using the AB 
expander configured in 2:1 MUX mode, with the address 
input adriš being used to control the resulting multiplexer. 
The expanders in the example of FIG. 29, which imple 
ments a 64x1 memory, are configured the same as the 
example of FIG. 12, which implements a 6-input LUT. 

0215 FIG. 30 shows how the two VIMs of one slice can 
be combined using expanders to implement one 128x1 
single-port RAM. Because 128-2**7, there are seven 
address inputs adrO-adró. The first six address inputs, adrO 
adris, are provided on VIM data input terminals f()-f5 and 
g0-g5, as in the example of FIG. 29. The seventh address 
input, adró, is provided on the g6 data input terminal and is 
used to control the V-expander in 2:1 MUX mode. The write 
data input d is provided on VIM data input terminal fö. 
Essentially, each VIM and associated AB expander act as a 
64x1 RAM, with the two 64x1 RAMs being combined into 
one 128x1 RAM using the V-expanders. The expanders in 
the example of FIG. 30, which implements a 128x1 
memory, are configured the same as the example of FIG. 13, 
which implements a 7-input LUT. 

0216 FIG.31 shows how two slices (e.g., one block) can 
be combined using expanders to implement one 256x1 
single-port RAM. This example closely resembles the 8-in 
put LUT of FIG. 14. As in the example of FIG. 14, the CLE 
expansion control block is placed in Block mode. 

0217 Because 256=2**8, there are eight address inputs 
adrO-adr7. In slice 0, the first five address inputs, adrO-adr4, 
are provided on VIM data input terminals f()-fa and g0-g4. 
Each half-VIM implements a 32x1 RAM of five address 
inputs adrO-adr4, the output of which is placed on the 
horizontal expander chain via h-expanderS hXp configured 
in Get-On mode. In slice 1, each half-VIM implements a 
32x1 RAM with the same five address inputs adrO-adr4 
(provided on VIM data input terminals f()-f4 and g0-g4). 
These 32x1 RAM values are combined with the values from 
the four horizontal expander chains, using the h-expanders 
of slice 1 configured in 2:1 MUX mode. The select signal for 
the 2:1 MUX mode of the h-expanders is the slice select 
Signal sliceSel1. Signal SliceSel1 is based on the g7 data 
input signal from slice 0 (see FIG. 5), so the adr7 input 
Signal is placed on the g7(0) data input terminal. Thus, each 
of the four h-expanders in Slice 1 provides the output of a 
64x1 RAM addressed by the six address signals adrO-adr4 
and adr7. 

0218 Note that the adris and adró address inputs are also 
provided to Slice 0, on data input terminals f and g6, 
respectively. These inputs are provided to the RAM control 
block of slice 0, where they are used to decode the write 
address when writing RAM data into the VIMS. During the 
read process, Some of the decoding is done outside the 
VIMS, where the expanders are used to decode the adris, 
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adró, and adr7 Signals. However, during the write proceSS 
these three address Signals must be taken into account when 
determining in which VIM to write the data. Therefore, they 
are all provided to the RAM control block, where the 
decoding takes place. The RAM control block only enables 
a write to an associated VIM if the values of adriS, adró, and 
adr7 address the VIM. Therefore, the RAM control blocks 
for the four slices differ slightly, in that they decode different 
addresses based on these signals. The write data input d is 
provided on VIM data input terminal fö of each slice, and the 
write enable Signal we is provided on the f7 data input 
terminal of each Slice. These signals are also provided to the 
RAM control block. 

0219. The outputs of the h-expanders are now combined 
using the AB expanders configured in 2:1 MUX mode. The 
Seventh address input, adriš, is provided to the fS and g5 data 
input terminals in Slice 1, where it is used to control the 
resulting multiplexer. Thus, each horizontal expander chain 
and associated AB expander act as a 128x1 RAM addressed 
by the seven address signals adrO-adrí5 and adr7. 
0220. The outputs of the AB expanders are now com 
bined using the vertical expander chain. The eighth address 
input, adró, is provided on the g6 data input terminal of Slice 
1, and is used to control the V-expander in 2:1 MUX mode. 
Thus, the two 128x1 RAMs from the horizontal expander 
chains and the AB expanders are combined into one 256x1 
RAM using the V-expanders. The 256x1 RAM is addressed 
by address Signals adrO-adr7. 

0221 FIG.32 shows how four slices (e.g., one CLE) can 
be combined using expanders to implement one 512x1 
single-port RAM. This example closely resembles the 9-in 
put LUT of FIG. 15. As in the example of FIG. 15, the CLE 
expansion control block is placed in CLE mode. 

0222 Because 512=2**9, there are nine address inputs 
adrO-adr8. Address inputs adrO-adr4 are provided to all 
VIMS. Therefore, each VIM provides two 32x1 RAMs 
addressed by the same five address signals adrO-adra. Two 
more address Signals are provided on the g7 input terminals 
of slices 0 and 2 (adr7 in both cases) and the g7 input 
terminal of slice 3 (adr8). These two address signals adr7, 
adr8 are used to generate the Slice Select Signals sliceSel1, 
sliceSel2, and sliceSel3 (see FIG. 5). These slice select 
Signals control the h-expanders in Slices 1-3, respectively, 
which are configured in 2:1 MUX mode. (The h-expander in 
Slice 0 is configured in Get-On mode, to initiate the h-ex 
pander chain.) Thus, each of the four h-expanders in slice 3 
provides the output of a 128x1 RAM addressed by the seven 
address Signals adrO-adr4, adr7, and adr8. 
0223) As in the example of FIG. 31, the adris and adró 
address inputs are also provided to each slice, on data input 
terminals f and g6, respectively. The write data input d is 
provided on VIM data input terminal fö of each slice, and the 
write enable Signal we is provided on the f7 data input 
terminal of each slice. 

0224. The AB expanders and V-expanders in slice 3 are 
configured as in slice 1 in the example of FIG. 31. The AB 
expanders in 2:1 MUX mode are controlled by address 
Signal adriš, which is provided on the fS or g5 data input 
terminal of the associated VIM. Therefore, each of the two 
AB expanders in slice 3 provides the output of a 256x1 
RAM addressed by the eight address signals adrO-adrí5, adr7, 
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and adr8. V-expander VXpG in 2:1 MUX mode is controlled 
by the adró Signal, which is placed on the g6 data input 
terminal of VIM G. Thus, the output of V-expander VXpG in 
slice 3 is a 512x1 RAM function addressed by the nine 
address Signals adrO-adr8. 
0225 FIG. 33 shows how the VIMs of multiple CLES 
can be combined using expanders to implement Single-port 
RAMs that are larger than 512x1. This example closely 
resembles the example of FIG. 16. As in the example of 
FIG. 16, the CLE expansion control block is placed in 
Default mode. Thus, the cleSel control Signal is an active 
contributor to the functionality of the CLE. 
0226 To implement a single-port RAM larger than 512x 
1, an Nth address Signal adrN is provided using the g7 data 
input terminal of VIM G in slice 1 (g7(1)). This address 
signal adrN is then ANDed with address signals adr7 and 
adr8 in the expansion control block of FIG. 5, and is 
included in the slice Select Signals controlling the h-expand 
ers in 2:1 MUX mode. Also, the CLE select signal cleSel 
now comes into play. Rather than being held high, as in the 
previous examples, cleSel reflects the value of the adrN 
address signal (see FIG. 5 and Table 2). As shown in slice 
3 of FIG. 33, several CLEs can then be combined by 
extending the vertical expander chain across the CLE 
boundaries. The vertical expander chain can be initiated 
using a V-expander (e.g., VXpF) in Get-On mode, and the 
final result can be extracted using an output multiplexer 
(e.g., oMuxGB), as shown in FIG. 32. 
0227) For example, to implement a 1024x1 RAM (i.e., 
N=9), two vertically-positioned CLEs can be used, with adr9 
being provided to one CLE (at g7(1)) and the inverse of 
address signal adr9 (adr9") being provided to the other CLE 
(also at g7(1)). To implement a 2048x1 RAM, four verti 
cally-positioned CLES are required, with address signals 
adr9 and adr10 being combined using other VIMs to gen 
erate four different CLE select signals for the four CLES. 
Using this technique, RAMs of any size can be generated. 

0228. In another embodiment (not pictured), the SOP 
expanders have a 2:1 MUX expander mode. In this embodi 
ment, the SOP expander of slice 3 can be used to add 
additional address inputs. For example, a 1024x1 RAM can 
be created by combining two horizontally-positioned CLES. 

0229 FIG. 34 shows how the two VIMs of one slice can 
be combined using expanders to implement one 32x2 dual 
port RAM with two read ports and one write port. The 32x2 
dual-port RAM of FIG. 34 resembles two copies of the 32x2 
single-port RAM of FIG. 28, placed in the same slice. Both 
VIMS are controlled by the same RAM control block, so 
they have shared control signals. Also, only one set of VIM 
data input terminals (f(0-f4) is used to provide a write address 
(wadrO-wadr4). There are two read ports, with read 
addresses radrFO-4 being provided to VIM F on data input 
terminals f()-fa, and read addresses radrG0-4 being provided 
to VIM G on data input terminals g0-g4. Write data inputs 
dA and dB are provided on VIM data input terminals f$5 and 
f6, respectively, with the write enable control Signal we 
being provided on data input terminal f7. 

0230 FIG. 35 shows how the two VIMs of one slice can 
be combined using expanders to implement one 64x1 dual 
port RAM with two read ports and one write port. The 64x1 
dual-port RAM of FIG. 35 resembles two copies of the 64x1 
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single-port RAM of FIG. 29, placed in the same slice. Both 
VIMs are controlled by the same RAM control block, so 
they have shared control signals. Also, only one set of VIM 
data input terminals (f(0-fS) is used to provide a write address 
(wadrO-wadrí5). There are two read ports, with read 
addresses radrFO-5 being provided to VIM F on data input 
terminals f()-fs, and read addresses radrGO-5being provided 
to VIM G on data input terminals g0-g5. Address signals 
radrE5 and radrG5 are used to control the associated AB 
expanders in 2:1 MUX mode, thereby providing the sixth 
address input. Only one write data input d is required, which 
is provided on VIM data input terminal fö. The write enable 
control signal we is provided on VIM data input terminal f7. 

0231. To implement larger dual-port RAMS, techniques 
similar to those shown in FIGS. 31-33 are used. 

0232 Conclusion 

0233. Those having skill in the relevant arts of the 
invention will now perceive various modifications and addi 
tions that may be made as a result of the disclosure herein. 
For example, CLES, logic blocks, Slices, logic elements, 
lookup tables, VIMs, LUTs, PAL logic, control circuits, 
expanders, expander modes, expansion modes, memories, 
RAMs, and multiplexers other than those described herein 
can be used to implement the invention. Moreover, Some 
components are shown directly connected to one another 
while others are shown connected via intermediate compo 
nents. In each instance the method of interconnection estab 
lishes Some desired electrical communication between two 
or more circuit nodes. Such communication may often be 
accomplished using a number of circuit configurations, as 
will be understood by those of skill in the art. Accordingly, 
all Such modifications and additions are deemed to be within 
the scope of the invention, which is to be limited only by the 
appended claims. 

What is claimed is: 

1. A configurable circuit in a programmable logic device 
(PLD), the configurable circuit comprising: 

a plurality of logic blocks, 

a first Set of expanders configurably interconnecting two 
or more of the plurality of logic blocks, each of the first 
Set of expanderS having two or more configurable 
functions one of which is an AND function, the first set 
of expanders creating a first expander chain extending 
in a first direction; 

a Second Set of expanders configurably interconnecting 
two or more of the plurality of logic blocks, each of the 
Second Set of expanders having two or more config 
urable functions one of which is an AND function, the 
Second Set of expanders creating a Second expander 
chain extending in the first direction; and 

a third set of expanders configurably interconnecting the 
first and Second expander chains, each of the third Set 
of expanders having two or more configurable func 
tions one of which is an OR function, the third set of 
expanders creating a third expander chain extending in 
a Second direction orthogonal to the first direction. 
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2. The configurable circuit of claim 1, further comprising: 
an expansion control circuit coupled to the first, Second, 

and third Sets of expanders, the expansion control 
circuit configurably controlling the first, Second, and 
third Sets of expanders. 

3. The configurable circuit of claim 1, wherein: 
the logic blocks function as lookup tables (LUTs); 
the first, Second, and third Sets of expanders are config 

ured as multiplexers, and 
the user circuit is a LUT too large to be implemented in 

a single logic block. 
4. The configurable circuit of claim 1, wherein: 
the logic blocks function as lookup tables (LUTs); 
the first, Second, and third Sets of expanders are config 

ured as multiplexers, and 
the user circuit is a multiplexer too large to be imple 

mented in a single logic block. 
5. The configurable circuit of claim 1, wherein: 
the logic blocks function as product term (Pterm) genera 

tors, 

the first and Second Sets of expanders are configured to 
perform an AND function; 

the third set of expanders are configured to perform an OR 
function; and 

the user circuit is a PAL too large to be implemented in a 
Single logic block. 

6. The configurable circuit of claim 1, wherein: 
the logic blockS function as random access memories 
(RAMS); 

the first, Second, and third Sets of expanders are config 
ured as multiplexers, and 

the user circuit is a RAM too large to be implemented in 
a single logic block. 

7. The configurable circuit of claim 6, wherein the user 
circuit is a dual-port RAM. 

8. The configurable circuit of claim 1, further comprising: 
a fourth Set of expanders configurably interconnecting the 

first and Second expander chains, each of the fourth Set 
of expanders having two or more configurable func 
tions one of which is an OR function, the fourth set of 
expanders creating a fourth expander chain in the 
Second direction; and 

a fifth Set of expanders configurably interconnecting the 
third and fourth expander chains, each of the fifth set of 
expanders having two or more configurable functions 
one of which is an OR function, the fifth set of 
expanders creating a fifth expander chain extending in 
the first direction. 

9. The configurable circuit of claim 8, wherein: 
the logic blocks function as product term (Pterm) genera 

tors, 

the first and Second Sets of expanders are configured to 
perform an AND function; 

the third, fourth, and fifth Sets of expanders are configured 
to perform an OR function; and 
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the user circuit is a PAL too large to be implemented in a 
Single logic block. 

10. The configurable circuit of claim 1, wherein each logic 
block is configurable as two N-input lookup tables (LUTs) 
with N shared inputs, the configurable circuit further com 
prising: 

an AB expander configurably interconnecting the outputs 
of the two N-input LUTs of each block, the AB 
expander being configurable as a multiplexer, thereby 
generating the output of an (N+1)-input LUT. 

11. A method for implementing a user circuit in a pro 
grammable logic device (PLD), the PLD comprising a 
plurality of logic blocks and a plurality of expanders con 
figurably interconnecting the logic blocks, each expander 
having two or more configurable functions, the method 
comprising: 

implementing a first portion of the user circuit in a first 
logic block, 

implementing a Second portion of the user circuit in a 
Second logic block; 

implementing a third portion of the user circuit in a third 
logic block, 

implementing a fourth portion of the user circuit in a 
fourth logic block, 

configuring a first expander to perform a first function, 
Such that the first logic block, the first expander, and the 
Second logic block form a first expander chain extend 
ing in a first direction; 

configuring a Second expander to perform a Second func 
tion, Such that the third logic block, the Second 
expander, and the fourth logic block form a Second 
expander chain extending in the first direction; and 

configuring a third expander to perform a third function, 
the third expander configurably interconnecting the 
first and Second expander chains to create a third 
expander chain extending in a Second direction 
orthogonal to the first direction. 

12. The method of claim 11, wherein the PLD further 
comprises a configurable expansion control circuit coupled 
to and controlling the first, Second, and third expanders, the 
method further including: 

configuring the expansion control circuit. 
13. The method of claim 11, wherein: 
implementing the first, Second, third, and fourth portions 

of the user circuit comprises configuring the first, 
Second, third, and fourth logic blocks as lookup tables 
(LUTs); 

configuring the first, Second, and third expanders com 
prises configuring the first, Second, and third expanders 
as multiplexers, and 

the user circuit is a LUT too large to be implemented in 
a single logic block. 

14. The method of claim 11, wherein: 

implementing the first, Second, third, and fourth portions 
of the user circuit comprises configuring the first, 
Second, third, and fourth logic blocks as lookup tables 
(LUTs); 
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configuring the first, Second, and third expanders com 
prises configuring the first, Second, and third expanders 
as multiplexers, and 

the user circuit is a multiplexer too large to be imple 
mented in a single logic block. 

15. The method of claim 11, wherein: 

implementing the first, Second, third, and fourth portions 
of the user circuit comprises configuring the first, 
Second, third, and fourth logic blocks as product term 
(Pterm) generators; 

configuring the first and Second expanders comprises 
configuring the first and Second expanders as AND 
gateS, 

configuring the third expander comprises configuring the 
third expander as an OR gate, and 

the user circuit is a PAL too large to be implemented in a 
Single logic block. 

16. The method of claim 11, wherein: 

implementing the first, Second, third, and fourth portions 
of the user circuit comprises configuring the first, 
Second, third, and fourth logic blocks as random access 
memories (RAMs); 

configuring the first, Second, and third expanders com 
prises configuring the first, Second, and third expanders 
as multiplexers, and 

the user circuit is a RAM too large to be implemented in 
a single logic block. 

17. The method of claim 16, wherein the user circuit is a 
dual-port RAM. 

18. The method of claim 11, further comprising: 

configuring a fourth expander to perform a fourth func 
tion, the fourth expander configurably interconnecting 
the first and Second expander chains, thereby creating 
a fourth expander chain extending in the Second direc 
tion; and 

configuring a fifth expander to perform a fifth function, 
the fifth expander configurably interconnecting the 
third and fourth expander chains, thereby creating a 
fifth expander chain extending in the first direction. 

19. The method of claim 18, wherein: 

implementing the first, Second, third, and fourth portions 
of the user circuit comprises configuring the first, 
Second, third, and fourth logic blocks as product term 
(Pterm) generators; 

configuring the first and Second expanders comprises 
configuring the first and Second expanders as AND 
gateS, 

configuring the third, fourth, and fifth expanders com 
prises configuring the third, fourth, and fifth expanders 
as OR gates, and 

the user circuit is a PAL too large to be implemented in a 
Single logic block. 
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20. The method of claim 11, wherein: configuring a fourth expander to perform a multiplexer 
function acting on the outputs of the two N-input 
LUTs of the first logic block, thereby implementing 
an (N+1)-input LUT. 

implementing the first portion of the user circuit com 
prises configuring the first logic block as two N-input 
lookup tables (LUTs) with N shared inputs, 

the method further comprising: k . . . . 


